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Simple sequence in brain and nervous system
specific proteins

Melanie A. Huntley, Sanaa Mahmood, and G. Brian Golding

Abstract: We examined sequences expressed in the brain and nervous system using EST data. A previous study in-
cluding sequences thought to have neurological function found a deficiency of simple sequence within such sequences.
This was despite many examples of neurodegenerative diseases, such as Huntington disease, which are thought to be
caused by expansions of polyglutamine tracts within associated protein sequences. It may be that many of the se-
quences thought to have neurological function have other additional, non-neurological roles. For this reason, we exam-
ined sequences with specific expression in the brain and nervous system, using EST expression data to determine if
they too are deficient of simple, repetitive sequences. Indeed, we find this class of sequences to be deficient. Unex-
pectedly, however, we find sequences expressed in the brain and nervous system to be consistently enriched for
histidine-enriched simple sequence. Determining the function of these histidine-rich regions within brain-specific pro-
teins requires more experimental data.

Key words: amino acid repeats, homopeptides, simple sequence, triplet repeat diseases, nervous system proteins, brain-
specific proteins.

Résumé : Les auteurs ont examiné les séquences exprimées dans le cerveau et le systeme nerveux en exploitant les
données EST. Une étude antérieure portant entre autres sur des séquences supposées avoir une fonction neurologique
avait révélé I’absence de microsatellites au sein de telles séquences. Cette constatation allait a I’encontre de plusieurs
cas de maladies neurodégénératives, telles que la maladie de Huntington, que 1’on croit dues a 1’expansion de suites de
glutamines au sein des protéines impliquées. Il se pourrait que plusieurs de ces séquences, auxquelles on attribue une
fonction neurologique, pourraient avoir, en plus, des roles non-neurologiques. C’est pourquoi les auteurs ont examiné
des séquences exprimées spécifiquement dans le cerveau ou le systeme nerveux, sur la base des données EST, afin de
déterminer si elles aussi seraient dépourvues de microsatellites. I s’avere que cette classe de séquences est en effet dé-
pourvue de microsatellites. De fagon inattendue, cependant, les auteurs ont noté au sein des séquences exprimées dans
le cerveau et le systéme nerveux un enrichissement pour des suites d’histidines. La fonction de telles régions riches en
histidine au sein de protéines exprimées dans le cerveau nécessitera davantage de travaux pour en déterminer la signifi-
cation.

Mots clés : suites d’acides aminés répétés, homopeptides, microsatellite, maladies associées a des répétitions

trinucléotidiques, protéines du systéme nerveux, protéines spécifiques du cerveau.

[Traduit par la Rédaction]

Introduction

Protein sequences are far from a random arrangement of
amino acids. Function and history have a great influence on
the composition of peptide sequences. It seems intuitive that
proteins involved in similar functions would share similar
features in their amino acid sequence. Likewise, orthologous
sequences show sequence conservation. Even much broader
groups, such as developmental proteins, can been shown to
possess patterns characteristic of that group (Karlin and
Burge 1996; Huntley and Golding 2004).
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One of these unusual sequence features is the presence of
excess simple sequence in proteins (Wootton and Federhen
1993). Simple sequences can range from highly biased
homopolymer tracts and regions enriched primarily for one
amino acid, to larger, more complex repetitive structures.
Simple repetitive protein sequences are found in all domains
of life; however, they are particularly abundant within
eukaryotic proteins (Karlin and Burge 1996; Marcotte et al.
1999; Huntley and Golding 2000; Sim and Creamer 2002).

Within the eukaryotes, most homopolymer tracts have
been investigated more thoroughly owing to their relative
ease of detection. Karlin and Burge (1996) found that both
short and long homopeptides are more frequent in develop-
mental proteins than in other classes of proteins. They also
found that many proteins containing multiple long homo-
peptide sequences were involved in nervous system disease
and development. Indeed, Huntington disease (Duyao et al.
1993; Snell et al. 1993; Kieburtz et al. 1994), Kennedy dis-
ease (also known as spinal and bulbar muscular atrophy (La
Spada et al. 1991)), dentatorubral pallidoluysian atrophy (Li
et al. 1993; Burke et al. 1994; Koide et al. 1994; Nagafuchi
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et al. 1994), and several spinocerebellar ataxias (Banfi et al.
1994; Kawaguchi et al. 1994; Pulst et al. 1996; David et al.
1997; Zhuchenko et al. 1997; Nakamura et al. 2001; Silveira
et al. 2002) contain CAG repeats, which encode polyglut-
amine tracts.

To investigate this association with repetitive sequence,
we previously conducted a survey of neurological and devel-
opmental proteins from Homo sapiens and Drosophila
melanogaster (Huntley and Golding 2004). Our results con-
firmed that developmental proteins are indeed enriched for
simple sequences but that sequences with neurological func-
tion are not. However, many of those sequences considered
to be neurological proteins may not be specific to the brain
and nervous system. Further, many of the proteins involved
in the neurodegenerative disorders may have a normal, non-
pathogenic function that remains elusive.

Therefore, to study sequences specific to the brain and
nervous system we used EST expression data. In this study,
we examine ESTs from the brain and nervous system, which
may not have a known function, to determine whether se-
quences expressed specifically in these tissues are enriched
for simple sequences.

Materials and methods

All human (Homo sapiens), mouse (Mus musculus), frog
(Xenopus laevis), and zebrafish (Danio rerio) EST expres-
sion data were collected from NCBI using the UniGene da-
tabase. Only entries with associated protein sequences were
used for further analysis. The expression data for many en-
tries within UniGene include multiple tissues. Often genes
expressed in the brain also have expression elsewhere. To
examine proteins specific to the brain and nervous system
we sampled those UniGene entries with expression data ex-
clusively in the target tissues.

In this way, tissue-specific databases were created for the
brain and also for the brain and nervous system (heart, kid-
ney, and testis databases were created as controls). The
brain-specific database for humans contained only protein
sequences expressed solely in the brain (based on the ex-
pression data provided in the UniGene database, which may
change with the addition of data from future gene expression
studies). Likewise, the brain and nervous system database
contained only sequences expressed in the brain and (or)
nervous system. Sequences expressed both in the target tis-
sues and other tissues were excluded.

Each database was then filtered to remove redundant du-
plicates, isozymes, and ancient duplications. This was done
by performing a BLAST search (Altschul et al. 1997) to
screen for similar proteins within the tissue-specific data-
base. All proteins that had a BLAST expect value less than
0.75 were then pairwise aligned using ALIGN (Myers and
Miller 1988). The smaller of any 2 sequences with a percent
identity greater than 20% (e.g., the percent identity between
hemoglobin and myoglobin) was thrown away, as it was
considered to be too recently evolutionarily related. In this
way, we retained the larger protein of any related pair of se-
quences.

Proteins that did not have brain-specific expression were
used to create 100 comparison databases for the brain-
specific database. Fifty of these comparison databases con-
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tained sequences with lengths within 5% of the brain-
specific protein lengths; the other half were within 10%.
These comparison databases were created by sampling from
the non brain-specific proteins until a sequence within 5%
(or 10%) of the length of each individual brain-specific se-
quence was found. Thus, each comparison database had
nearly identical composition to the brain-specific database
based on the number and length of sequences. This was
done for each tissue-specific database, such that the compar-
ison databases served as a statistical measure of patterns ob-
served in the tissue-specific databases.

Following the methodology of Huntley and Golding
(2004), we performed local BLAST searches using 100-
residue-long homopolymers of each amino acid to determine
how common simple repetitive regions similar to homo-
polymers were in these databases. The number of BLAST
hits with expect values less than or equal to 0.01 in the
tissue-specific databases were compared with those found
from 100 comparison databases and the corresponding dis-
tributions of hits were visualized by box plots for each
tissue-specific comparison (Figs. 1-5).

The frequencies of all the amino acids were calculated for
each tissue-specific database, and in the case of H. sapiens
and M. musculus for all of the non-redundant protein sets.
This was done to determine if a bias in amino acid composi-
tion might be associated with the presence or absence of re-
petitive regions within the databases (Tables 1-4).

Results

Tables 1-4 display the amino acid frequencies in the tissue-
specific databases for H. sapiens, M. musculus, X. laevis,
and D. rerio, respectively. Despite the smaller sizes of the
X. laevis and D. rerio tissue-specific databases, all 4 species
show consistency in the 2 most frequent amino acids in the
brain and neurological databases: leucine and serine. Indeed,
this pattern is observed broadly except in the X. laevis heart-
specific database, where glutamic acid and serine are most
frequent.

Figure 1 shows the results for the brain-specific proteins.
Sequences similar to polyhistidine were over-represented in
the brain-specific proteins of H. sapiens, M. musculus, and
X. laevis. This was the only enrichment consistent for 3 out
of the 4 species. Interestingly, histidine is not overly abun-
dant within brain-specific proteins based on amino acid fre-
quencies. However, it is slightly more frequent in brain-specific
sequences than overall for H. sapiens and M. musculus, as seen
in Tables 1 and 2.

In contrast, sequences similar to polyglutamic acid are
under-represented in brain-specific proteins of H. sapiens,
M. musculus, and D. rerio. The 2 mammalian species also
show under-representation for polyproline and polyserine.
This is despite serine being the most frequent amino acid
both among brain-specific proteins and overall in these 2 or-
ganisms.

A similar trend is found for the neurological proteins in
Fig. 2. Polyhistidine is over-represented in the nervous sys-
tem proteins of all 4 species. Polyproline and polyserine are
again depleted in H. sapiens and M. musculus, and also in
X. laevis. Polyglutamine is depleted in M. musculus and
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Fig. 1. The distribution of significant BLAST hits among brain-specific and comparison databases (5% and 10%). Diamonds and ar-
rowheads denote results for the brain-specific database; box and whiskers represent the distribution of hits for the comparison data-
bases. Arrowheads pointing up highlight when the number of significant BLAST hits within the brain database was above the inner-
quartile range of the comparison databases; arrowheads pointing down highlight when they were below the inner-quartile range.
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Fig. 2. The distribution of significant BLAST hits among nervous system specific and comparison databases (5% and 10%). Diamonds
and arrowheads denote results for the nervous system specific database; box and whiskers represent the distribution of hits for the
comparison databases. Arrowheads pointing up highlight when the number of significant BLAST hits within the nervous system data-
base was above the inner-quartile range of the comparison databases; arrowheads pointing down highlight when they were below.
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Fig. 3. The distribution of significant BLAST hits among testis specific and comparison databases (5% and 10%). Diamonds and ar-
rowheads denote results for the testis specific database; box and whiskers represent the distribution of hits for the comparison data-

bases. Arrowheads pointing up highlight when the number of significant BLAST hits within the testis database was above the inner-
quartile range of the comparison databases; arrowheads pointing down highlight when they were below.
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Fig. 4. The distribution of significant BLAST hits among heart-specific and comparison databases (5% and 10%). Diamonds and ar-
rowheads denote results for the heart-specific database; box and whiskers represent the distribution of hits for the comparison data-
bases. Arrowheads pointing up highlight when the number of significant BLAST hits within the heart database was above the inner-
quartile range of the comparison databases; arrowheads pointing down highlight when they were below.
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Fig. 5. The distribution of significant BLAST hits among kidney-specific and comparison databases (5 and 10%). Diamonds and ar-
rowheads denote results for the kidney-specific database; box and whiskers represent the distribution of hits for the comparison data-
bases. Arrowheads pointing up highlight when the number of significant BLAST hits within thekidney database was above the inner-
quartile range of the comparison databases; arrowheads pointing down highlight when they were below.
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Table 1. The frequency of amino acids among Homo sapiens non-redundant proteins.

Tissue

Amino acid All Brain Neurological Testis Heart Kidney
A 0.070 0.076 0.073 0.064 0.070 0.070
C 0.022 0.026 0.027 0.028 0.043 0.029
D 0.048 0.037 0.040 0.042 0.040 0.044
E 0.071 0.059 0.059 0.066 0.066 0.057
F 0.035 0.038 0.039 0.037 0.035 0.046
G 0.064 0.074 0.072 0.061 0.064 0.064
H 0.026 0.030 0.029 0.027 0.026 0.028
I 0.042 0.040 0.041 0.046 0.042 0.046
K 0.058 0.050 0.049 0.061 0.049 0.047
L 0.099 0.103 0.104 0.097 0.097 0.109
M 0.022 0.022 0.021 0.023 0.019 0.023
N 0.035 0.030 0.032 0.039 0.030 0.038
P 0.063 0.065 0.068 0.064 0.063 0.065
Q 0.048 0.043 0.044 0.049 0.059 0.041
R 0.057 0.066 0.063 0.058 0.059 0.061
S 0.083 0.090 0.087 0.088 0.086 0.082
T 0.053 0.052 0.053 0.055 0.049 0.051
v 0.060 0.059 0.059 0.054 0.060 0.058
w 0.013 0.017 0.016 0.014 0.016 0.017
Y 0.026 0.022 0.023 0.026 0.029 0.027
Total amino acids 5078841 34045 61522 67874 4174 13905
Total distinct proteins 13078 148 232 239 14 58

Table 2. The frequency of amino acids among Mus musculus non-redundant proteins.

Tissue

Amino acid All Brain Neurological Testis Heart Kidney
A 0.068 0.066 0.066 0.059 0.056 0.063
C 0.022 0.028 0.027 0.025 0.018 0.025
D 0.049 0.045 0.045 0.045 0.040 0.040
E 0.069 0.062 0.061 0.066 0.062 0.054
F 0.038 0.040 0.039 0.038 0.032 0.043
G 0.061 0.067 0.067 0.058 0.061 0.066
H 0.027 0.028 0.028 0.028 0.030 0.027
I 0.044 0.045 0.045 0.049 0.049 0.046
K 0.056 0.051 0.052 0.062 0.052 0.052
L 0.104 0.101 0.101 0.102 0.094 0.100
M 0.022 0.023 0.023 0.025 0.024 0.022
N 0.036 0.033 0.033 0.039 0.035 0.038
P 0.058 0.063 0.062 0.060 0.063 0.062
Q 0.048 0.043 0.044 0.049 0.043 0.040
R 0.055 0.058 0.059 0.054 0.046 0.051
S 0.084 0.088 0.090 0.088 0.112 0.091
T 0.054 0.054 0.055 0.056 0.086 0.070
\% 0.063 0.061 0.061 0.058 0.061 0.066
w 0.013 0.015 0.015 0.014 0.014 0.017
Y 0.027 0.027 0.027 0.026 0.024 0.027
Total amino acids 2412332 84224 113585 198477 24406 18437
Total distinct proteins 3240 271 365 643 68 54

X. laevis, whereas polyglutamic acid is depleted only in

H. sapiens and M. musculus.

The testis-specific database had no consistent enrichment
for repetitive sequences among the 4 taxa (see Fig. 3). How-

ever, it did have more instances of enrichment than the brain
and nervous system databases (14 cases where the number
of significant BLAST hits within the testis database was
above the inner-quartile range of the comparison databases;

© 2005 NRC Canada



Huntley et al. 299

Table 3. The frequency of amino acids among Xenopus laevis non-redundant proteins.
Tissue
Amino acid Brain Neurological Testis Heart Kidney
A 0.057 0.059 0.046 0.054 0.063
C 0.024 0.024 0.039 0.009 0.020
D 0.056 0.055 0.060 0.067 0.047
E 0.075 0.072 0.060 0.132 0.061
F 0.043 0.042 0.042 0.037 0.045
G 0.065 0.066 0.064 0.046 0.066
H 0.025 0.028 0.024 0.021 0.025
I 0.053 0.050 0.059 0.045 0.060
K 0.066 0.063 0.048 0.067 0.064
L 0.086 0.085 0.090 0.082 0.096
M 0.025 0.026 0.028 0.023 0.026
N 0.042 0.041 0.056 0.057 0.046
P 0.050 0.053 0.041 0.040 0.052
Q 0.036 0.038 0.043 0.056 0.041
R 0.053 0.054 0.046 0.042 0.045
S 0.077 0.080 0.080 0.084 0.084
T 0.054 0.056 0.061 0.049 0.053
v 0.065 0.063 0.067 0.059 0.061
w 0.013 0.012 0.010 0.005 0.012
Y 0.034 0.033 0.038 0.025 0.033
Total amino acids 10338 12048 2067 3230 21522
Total distinct proteins 25 30 6 9 46
Table 4. The frequency of amino acids among Danio rerio non-redundant proteins.
Tissue

Amino acid Brain Neurological Testis Heart Kidney
A 0.070 0.064 0.054 0.067 0.063
C 0.023 0.021 0.018 0.025 0.023
D 0.046 0.049 0.058 0.049 0.051
E 0.059 0.068 0.076 0.053 0.069
F 0.047 0.037 0.036 0.040 0.040
G 0.070 0.064 0.048 0.058 0.058
H 0.025 0.026 0.026 0.031 0.031
I 0.049 0.045 0.044 0.049 0.049
K 0.055 0.060 0.056 0.050 0.059
L 0.096 0.094 0.117 0.090 0.095
M 0.024 0.024 0.023 0.029 0.026
N 0.037 0.038 0.033 0.047 0.041
P 0.055 0.056 0.057 0.058 0.056
Q 0.034 0.041 0.037 0.044 0.045
R 0.052 0.060 0.064 0.061 0.050
S 0.083 0.088 0.098 0.084 0.088
T 0.054 0.055 0.052 0.056 0.057
v 0.070 0.067 0.061 0.060 0.059
w 0.014 0.012 0.009 0.013 0.011
Y 0.037 0.031 0.032 0.036 0.029
Total amino acids 5066 12664 1800 4549 26146
Total distinct proteins 14 31 3 10 53

12 and 11 such cases for the brain and nervous system data- riched for repetitive sequences, though the only shared ex-

bases, respectively). All but D. rerio showed an under- cess was polyglutamine in M. musculus and X. laevis.

representation of polyproline in the testis-specific sequences. Finally, the kidney-specific databases in Fig. 5 were not

Fig. 4 shows that the heart-specific databases were most en- consistently enriched for sequences in more than 2 taxa.
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Discussion

Unlike developmental proteins, which are known to be en-
riched for repetitive simple sequences, brain and nervous
system specific proteins are not found to be enriched for
repetitive simple sequences. In particular, they are not en-
riched for polyglutamine, despite the many neurodegenera-
tive diseases associated with polyglutamine (La Spada et al.
1991; Snell et al. 1993; Banfi et al. 1994; Kawaguchi et al.
1994; Nagafuchi et al. 1994; Pulst et al. 1996; David et al.
1997; Zhuchenko et al. 1997; Nakamura et al. 2001). This
confirms previous results of Huntley and Golding (2004).

Interestingly, there is an over abundance of sequences en-
riched with histidine simple sequence in brain and nervous
system specific sequences. A previous study using only
H. sapiens and D. melanogaster proteins thought to have
neurological function also noted enrichment for histidine
simple sequence, as well as alanine simple sequence (Hunt-
ley and Golding 2004). Alanine simple sequence was not
found to be enriched in brain or nervous system sequences
in any of the 4 vertebrate taxa used in this study. This may
suggest that enrichment for histidine simple sequence is a
characteristic of the nervous system and neurological class
of proteins.

Studies have identified testis- and sperm-specific sequences
to be rapidly evolving in comparison to other tissue-specific
sequences (Torgerson et al. 2002; Winter et al. 2004). While
it has been demonstrated that repetitive regions enjoy a
higher rate of evolution than non-repetitive regions within a
protein (Huntley and Golding 2000), the rapid rate of evolu-
tion seen in testis-specific sequences must be facilitated by
some other mechanism, since our results indicate an under-
representation of repetitive sequence within the testis-specific
sequences of H. sapiens and M. musculus.

Similarly, several groups have identified sequences with
brain and nervous system specific expression to be among
the most slowly evolving sequences (Kuma et al. 1995;
Hurst and Smith 1999; Duret and Mouchiroud 2000; Winter
et al. 2004; Zhang and Li 2004). Hence, it might not be sur-
prising to find a lack of enrichment for repetitive sequences
in this class of proteins. However, the consistent enrichment
for histidine across all 4 taxa is intriguing.

Typically it is thought that even when simple sequence is
conserved, the predominant amino acid can still vary (Hunt-
ley and Golding 2000; Sim and Creamer 2004). In this case, it
seems that some characteristic peculiar to histidine is causing
its repetitive abundance within the repetitive sequences of
brain and nervous system specific proteins. Furthermore,
histidine is not among the more frequent amino acids within
these proteins, so their aggregation within repetitive regions
is even more curious.

The imidazole sidechain of histidine allows it to change
from neutral to positive charge. The flexibility this confers
results in histidine taking up positions both on the surface
and within the protein. This also makes histidine residues
ideal for catalytic function and binding sites. For these rea-
sons histidine has been likened to being ambidextrous
(Creighton 1993). Studies have shown histidine to have a
major role in the binding of phosphate groups (Loomis et al.
1997), hormones (Cugini et al. 1992), and iron (Rogers et al.
1977). Additionally, histidines have been noted to be essen-
tial for the function, typically including binding, of several
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types of proteins (Kery et al. 1986; Pelton and Ganzhorn
1992; Samuel et al. 1993; Rittig et al. 2002). The transcrip-
tion factors of the class III POU genes, which are thought to
be important in neural development, also contain histidine-
rich simple sequences (Sumiyama et al. 1996). However,
this enrichment was only conserved within the mammalian
sequences. Indeed, of all the brain and nervous system spe-
cific sequences containing histidine-enriched regions in this
study, those with known function were typically transcrip-
tion factors, or otherwise involved in DNA binding.

The essential binding properties of histidine may be a pos-
sible explanation for the enrichment of histidine within brain
and nervous system specific sequences; however, in most
studies, only one or a few histidine residues were present or
necessary.

Another possible explanation for the overrepresentation of
histidine-rich regions in proteins of the brain may be hista-
mine biosynthesis. The neurotransmitter histamine is pro-
duced from the decarboxylation of histidine. Because of the
blood brain barrier, histamine in the brain is produced lo-
cally. Proteins with histidine-rich regions might be a good
source of histidine for histamine biosynthesis, since such
simple regions tend to be structurally disordered and more
frequently undergo protease digestion (Fontana et al. 1986;
Takoucheva et al. 2001). However, this liberation of histidine
residues seems rather indirect. The presence of numerous
histidine residues within brain-specific proteins is strongly
demonstrated by the data presented here but more experi-
mental data is required to determine their function.
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