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Abstract Based on ubiquitous presence of large ionic
motifs and clusters in proteins involved in gene transcrip-
tion and protein synthesis, we analyzed the distribution of
ionizable sidechains in a broad selection of proteins with
regulatory, metabolic, structural and adhesive functions, in
agonist, antagonist, toxin and antimicrobial peptides, and
in self-excising inteins and intron-derived proteins and
sequence constructs. All tested groups, regardless of taxa or
sequence size, show considerable segregation of ionizable
sidechains into same type charge (homoionic) tracts. These
segments in most cases exceed half of the sequence length
and comprise more than two-thirds of all ionizable side-
chains. This distribution of ionic residues apparently
reflects a fundamental advantage of sorted electrostatic
contacts in association of sequence elements within and
between polypeptides, as well as in interaction with poly-
nucleotides. While large ionic densities are encountered in
highly interactive proteins, the average ionic density in
most sets does not change appreciably with size of the

Electronic supplementary material The online version of this
article (doi:10.1007/s00726-012-1418-4) contains supplementary
material, which is available to authorized users.

M. S. Parker
Department of Microbiology and Molecular Cell Sciences,
University of Memphis, Memphis, TN 38152, USA

A. Balasubramaniam
Department of Surgery, University of Cincinnati College
of Medicine, Cincinnati, OH 45263, USA

S. L. Parker (IX)

Department of Pharmacology, University of Tennessee Health
Sciences Center, Memphis, TN 38163, USA

e-mail: stevenleonardparker @msn.com

homoionic segments, which supports the segregation as a
modular feature favoring association.
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Abbreviations

aa Amino acid (residue)

ecl First extracellular domain

GPCR  G-protein coupling receptor

ic3 Third intracellular domain

ic4 Fourth intracellular domain
NLM  US National Library of Medicine
u-p UniProtein database
Introduction

Tonizable amino acid sidechains, and especially the basic,
are known to be considerably grouped by type of charge
within sequences of taxonomically ubiquitous polynucle-
otide-handling proteins and chaperone/heat-shock proteins.
The RNA-partnering ribosomal proteins and the DNA-
engaging protamine- and histone-type proteins are well
identified with long segments containing same-charge ionic
sidechains (see e.g. [34] for ribosomal proteins, [7] for
protamines, [58] for histones). Basic zippers are recognized
in a large number of proteins [39, 86]. These segments
have large electrostatic and hydrophobic interaction
potentials, and could be considered as homoionic zippers.
Cation detection by voltage-gated channels also depends
on homoionic tracts [11], as does the nuclear localization
of several protein classes [23, 24, 91]. A large residue
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enrichment by type is also found in transmembrane (ali-
phatic and aromatic hydrophobic types) and intracellular
(homoionic type) domains of membrane-resident proteins.
The G-protein coupling receptors (GPCRs) are an example
class in this regard (see [42, 62, 79]; and Table 6 in this
survey).

Segregation of protein or peptide ionizable sidechains
into homoionic tracts is not sufficiently explored. Poly-
nucleotide-associating proteins (protamines and histones,
transcription factors, ribosomal proteins and other nucleic
acid-binding proteins) are implicitly accepted as possessing
large local and global densities of basic residues. Calcium-
binding motifs (e.g. in calmodulins and troponins) show
large accumulations of acidic sidechains. Many types of
peptidic agonists have segments rich in basic residues, and
the cognate receptors (e.g. apelin [96], chemokine [73] and
neuropeptide Y (NPY) [63]) have counter-matching anion-
rich domains. Grouping of ionic residues could also be
linked to structuring [20], favoring more open structure for
the involved motifs [21, 47, 76, 89].

The above very diverse examples offer no compelling
reason to assume that charge segregation within sequences
would be absent from proteins at large. A random charge
dispersion could be counterproductive for protein interac-
tion in many paradigms, and especially in the primordial
association with polynucleotides. Homoionic tracts obvi-
ously offer advantages in selection and engagement of a
large variety of partners.

Homoionic tracts are indeed found to be abundant across
the peptides and proteins examined in this study. The tracts
differ considerably in size, depending especially on protein
function. Together with the role of large same-charge
zippers in function of histones and other DNA-interacting
proteins [1, 6, 27], mRNA-binding proteins [16, 55],
ribosomal proteins [3, 34, 41, 52] and shuttle proteins
[15, 23], this invited characterization of size and ionic
density as factors that could predict the frequency, affinity
and stability of contacts with partners.

Methods
Definition of tracts

Homoionic tracts (also referred to as segments or zippers)
were taken as continuous sequence segments starting and
ending with ionizable residues of the same type of potential
charge in the physiological [H"] range (Asp and Glu for
the homoacidic, His, Lys and Arg for the homobasic seg-
ments) and starting and ending by such residues. These
segments are delineated by opposite-charged residues on
either side. The exclusively acidic or basic motifs (e.g.
bxAAxb and axBBBBxa, where A = acidic, B = basic
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sidechain within the homoionic AA and BBBB tract,
X = none or any number of non-ionic sidechains, and b and
a are the delineating counter-charged residues) were sur-
veyed separately from non-exclusive e.g. bxAxAxAxb and
axBxBxBxBxa tracts, which have the homoionic sections
AxAxA and BxBxBxB. It is important to note that residues
preceding and abutting the ionic termini of homoionic
tracts are the opposite-charge ionic sidechains in at least
40 % of the tracts (data not shown), indicating a large
potential for uses such as switching.

Polypeptide sets

Five sets of proteins and peptides were examined. These sets
represent functionally very diverse categories of polypep-
tide. Sequences in the protein set (psef) include the broadest
taxonomic ranges available in the reviewed records of the
UniProtein and NLM/Protein databases. This set (listed in
Table S1) contains 93 groups of proteins, with inclusion of
orthologs in major taxonomic classes and of major subtypes.
The selected polypeptidic agonists/hormones include only
human sequences (ago set, Table S2), since few non-human
peptidic agonists are fully characterized at present. Poly-
peptide/protein antagonists of receptor activity include
human as well as non-human sequences (ant set, Table S3).
Peptide/protein toxins from many taxa (fox set) are listed in
Table S4. Antimicrobial peptides from various taxa, fre-
quently called defensins, constitute def set (Table S5). It
should be noted that, while effort was invested to collect
representative sequences, no attempt was made toward
exhaustive (database type) coverage of any particular protein
or peptide type. All supplementary tables include access
codes, numbers of residues in polypeptides, percentages of
acidic and basic residues and cysteine, the percent sequence
in the acidic and basic segments with two or more ionic
residues, and the percent of sequence acidic and basic res-
idues that is found in homoionic segments.

The pset groups are of two types. The first type includes
groups of different proteins linked to the same broad pur-
pose, such as ribosomal proteins, or membrane receptors
with similar general role (e.g. integrins or opsins). For
several groups (e.g. ribosomal proteins, linker proteins,
shuttle proteins) this grouping entails considerable differ-
ences in size and structure. The groups of second type
include functionally and structurally similar proteins, with
the broadest available representation across taxa. Groups of
this type include orthologs and close homologs of the
respective proteins (such as hemoglobins «1...4, $1...3, y, J,
€) across taxonomic groups. The above selections are sup-
ported by very similar parameter means (Table 1) between
the entire protein set (4,384 sequences, including orthologs
across taxa) and the human sequences in the set (2,324
primary orthologs only).
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vary radically with protein size (Figs. 1, 2). This fraction,
however, does importantly depend on protein type (see
Fig. 5), and varies extensively across individual proteins
(Table S1).

It is important to note that the human sequences in pset,
which include only single orthologs and no variant forms,
show essentially no difference in homoionicity with the
much more diverse non-human sequences (Table 1).
However, there is an appreciable difference in the average
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% of the parameter in sequence

chain length, due to scarcity of reviewed data on very large
proteins (such as titin and nesprins) in other species. The
bulk content of basic residues in the human part of pset is
about 7 % lower than in the non-human part, due to the
same cause (as can be deduced from Table S1), but this
does not significantly affect the homoionicity parameters
(Table 1).

The homoionic tract termini are preceded and followed
by opposite-ionic sidechains in >40 % of the tracts, and by
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Fig. 2 Chain length and fraction of homoionic tracts in the sets
examined. The proteins/peptides within sets were grouped by chain
length as shown in the respective inscriptions. The number of
sequences per group is shown in brackets following the labels. Data
are the average percentages of sequence residues in tracts with two or

more acidic or basic residues, shown with the corresponding standard
errors. a The protein set (pset); b agonists (ago); ¢ antagonists (ant);
d toxins (fox); e defensins (def). For access and percentage data, see
Tables S1-S5
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Fig. 3 Profiles of abundance of homoionic tracts in proteins and
polypeptides examined. Shown are averages over 5 % increments of
sequence length occupied by homoacidic and homobasic tracts with
two or more ionizable residues for all molecules in Tables S1-S5.

one or more non-ionic sidechains in >50 %. These neigh-
bors of course are highly likely to affect interactions of the
homoionic tracts, e.g. by switching reactivities in the case

a The protein set (pset; Table S1); b agonists (ago; Table S2);
¢ antagonists (ant; Table S3); d toxins (fox; Table S4); e defensins
(def, Table SS5). Insets show percentages of sequences that have
homoacidic and homobasic tracts with two or more ionic sidechains

of counter-ionic residues, and by structural hinging and
rotational activity in the case of proline [50, 84]. These
parameters will be examined in a separate study.
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The segregation does not importantly depend on chain
length of the polypeptides

Excepting the shortest peptides, the collective fraction of
sequence in homoionic tracts is not importantly related to
size of the sequences (Figs. 1, 2). This fraction is signifi-
cantly lower (just 40 %) in cysteine-rich conotoxin pep-
tides (23 % Cys; Table S4). However, defensins, another
group of cysteine-rich <100-aa peptides (14 % Cys; Table
S5), show a segregation similar to >100-residue sequences
of toxins, and nine pset proteins with more than 10 % bulk
cysteine average 57 % sequence in homoionic tracts. The
shortest members in all sets have almost exclusively basic
homoionic tracts (Figs. 1, 2, 3; Tables S1-S5), with a large
preponderance of basic residues in ligand-type peptide sets
(Tables S2-S5 and graphs B-E in Fig. 3; see also Fig. 4).
In ago, ant and fox sets, the shortest chains also show less
than 50 % homoionicity (Fig. 2b—d). However, these
chains represent small fractions of polypeptides in these
sets (see Fig. 6). The pset proteins with <100 residues have
a larger homoionicity than longer pset chains (Fig. 2a),
and proteins with less than 50 aa have very large basic
homoionicities (as can be deduced from Table S1).
Excepting the shortest chains, the overall homoionic frac-
tion of sequence is quite uniform relative to chain length in
all sets, and especially in pset (Figs. 1, 2).

Acidic sidechains consistently show lower segregation
than the basic

Inclusion of basic residues in homoionic tracts is consis-
tently higher than that of acidic for all sets, and especially
for toxins and defensins (Table 1; Figs. 2d, e, 3d, e). In
pset, almost all sequences have homobasic tracts (Table S1;
Fig. 3a). In ligand-type polypeptides (the ago, tox and def
sets and part of the ant set), a lower degree of homoacidic
sequestration accompanies the low general abundance of
acidic residues. This should help electrostatic matching
with anionic segments in receptor sequences (e.g. those in
the N-terminal extracellular domain of GPCRs; Table 6).

Assuming a random representation, the three basic res-
idues would outnumber the two acidic by 1.5 in the entire
sequences. As seen in Table 1, the %HKR/%DE bulk ratio
is quite below the random for pset (1.27) and ant (1.21), is
somewhat above the random in ago (1.59) and tox (1.63),
and is considerably basic-biased in def (2.22). However,
the ratio of the fraction of sequence in homobasic to that in
homoacidic tracts is above 2 for ligand-type sets (and even
above 4 for def), and also exceeds the bulk ionic sidechain
ratio in pset (1.49 vs. 1.27) and ant (1.32 vs. 1.21). The
homobasic bias for ligand-type peptides should connect to
frequent quite anionic contact motifs of partners, and also
to somewhat anionic overall charge of the bilayer.
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Fig. 4 Percent sequence residues in homoionic tracts with two or
more ionizable sidechains. This is presented separately for tracts
containing only ionic residues and for tracts not exclusively ionic (see
“Methods”). Upper row fractions of sequence length occupied by
>2-homoionic tracts. a Ionic-only acidic (ai); b non-exclusive acidic
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(ax); ¢ ionic-only basic (bi); d non-exclusive basic (bx). Lower row
fractions of sequence ionic residues found in >2-homoionic tracts.
e Jonic-only acidic (ai); f non-exclusive acidic (ax); g ionic-only basic
(bi); h non-exclusive basic (bx)
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Isolated homoionic doublets are frequent in all sets
and may have functional distinction

Isolated acidic or basic pairs (bxAAxb and axBBxa; see
“Methods”) are far more abundant than the longer ionic-
only homoionic segments in all sets examined (Fig. 4). In
pset, the isolated homo-2-ionic segments contain 4.3-fold
more acidic and 3.6-fold more basic residues than the cor-
responding tri-ionic segments. This would add weight to
consideration of these pairs as functionally distinct from
non-exclusive 2-homoionic (bxAxAxb and axBxBxa) tracts.
Similar could apply to segments with larger numbers of
exclusively ionic sidechains, which, however, are much less
represented than the segments not exclusively ionic (Fig. 4).
The segregated ionic-only segments represent in all sets only
a minor part of sequence length (Fig. 4a, c), but a sizable
fraction of sequence ionic residues (Fig. 4e, g). This is
especially prominent for 2-acidic motifs, particularly in
defensins (Fig. 4e).

Reports about functional impact of homoionic multiplets
in polypeptides do not distinguish the isolated, counter-ion
segregated motifs from quite numerous homoionic multi-
plets (usually doublets) found within larger homoionic
sequence segments (as in CXCR4 [45], FGF [75] and Tat-
HIV [18]). In the AT1A receptor (u-p P30556), an isolated
DD pair is important for supporting phosphorylation [57].
Diacidic motifs could generally help kinase activity [19,
29]. These examples support especially a docking role for
diacidic isolates. However, an isolated DE pair is important
in arrangement of helices in the trp operon aporepressor
[46] of many enterobacteria, and diacidic pairs regulate
activity of several DNA-handling enzymes.

Dibasic motifs rarely have been studied in isolation, due
to their frequent repetitive occurrence in larger basic zip-
pers in many proteins. “KR-rich” regions attracted much
interest (e.g. [94]), but they are frequently parts of larger
homobasic tracts. However, dibasic isolates are frequent
especially in nuclear localization motifs (see e.g. [22]).
Basic doublets within non-exclusive basic zippers could
form ligand binding sites, e.g. for PIP2 [13].

Defensins have the largest fraction of sequence and of
sequence basic residues in 3 to 8-ionic basic zippers
(Fig. 4d, h). The large presence of >9-basic zippers in pset
(Fig. 4d, h) is found not only for polynucleotide-handling
proteins, but also for heptahelical GPCRs (Fig. 5b).

Multi-ionic homoionic tracts

Homoionic tracts with more than five ionic residues are
found especially in proteins engaging in protracted or even
stable interactions with protein or polynucleotide partners,
and in ligand peptides that bind to partners having
similar opposite-charge homoionic segments. Such zippers

collectively contain more than 10 % sequence residues in
any of the five sets, and more than 30 % ionic sidechains in
all sets except tox (Table 2). Ratios of sequence fractions
in basic and acidic >5-ionic tracts are not very high in pset,
ago and ant, but rise over 6 in tox and over 30 in def,
indicating much higher relative frequencies of multibasic
tracts in the latter two sets. The sequence basic/acidic
residue ratio for >5-tracts is, however, similar for the first
four sets, due to larger densities of acidic sidechains in the
corresponding tracts (see the next section), but is still very
high in def (which miss >9-homoacidic tracts, Fig. 7f).

Figure 5 shows percentages of >5-homoionic tracts for
20 groups of pset proteins with the highest and the lowest
respective fractions of sequence. The most homoacidic
groups (Fig. 5a) include, as could be expected, several
groups of linking, platform, docking, shuttling and chap-
erone proteins, while there is just one group of enzyme
proteins. The presence of transcription factors from many
taxa could reflect use in separation of DNA-engaging
proteins. The most basic scores (Fig. 5b) include, in addi-
tion to protamines and histones, ribosomal proteins from all
taxa. This could attest to validity of the multi-homoionic
criterion in predicting stable association with polynucleo-
tides. Large homobasic tracts are not prominent in non-
ribosomal RNA-binding proteins (which frequently form
dynamic complexes with mRNAs). The visual and non-
visual heptahelical A-GPCRs are also in the list, due to
strongly basic intracellular parts (see Table 6), and human
RNAses are the only enzymes in the most basic >5-homo-
ionic groups.

The low-scoring acidic groups (Fig. 5¢) in addition to
DNA-targeting protamines and histones predictably feature
three groups of RNA-binding proteins. The 14.3.x platform
proteins quite lack the multi-basic zippers (while being
strong on multi-acidic, Fig. 5a). This lack is shared by
three GTPase transducer groups, opsins, and five groups of
heme-binding proteins (Fig. 5¢). The low multi-basic finds
(Fig. 5d) include several highly multi-acidic groups
(Fig. 5a). Interestingly, the RNA-binding pumilio repeat
proteins are also low in multi-homobasic segments, which
could be reflected in their complex association with
UGUANAUA mRNAs [88]. The archaeal opsins which
transduce to membrane-embedded proteins (e.g. 44) are
devoid of both acidic and basic >5-zippers (Fig. Sc, d).

The largest number of ionic sidechains per homoionic
tract in the five sets is generally not much above 10
(Table 3). Tracts with 10 or more ionic sidechains are found
in, respectively, 11.9 % (acidic) and 21.1 % (basic)
sequences in pset (Table 3), and ant set also shows numerous
large homoionic zippers. In pset, multiple >9-ionic zippers
are found especially in eukaryotic 60S ribosomal proteins
and basic Leu zipper proteins, and also in long linkers; in
titin, 12 acidic and 4 basic >9-zippers could have use in
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Cadherins hum [21] [PZZZZIRNN N7 o ] Protamines euk [29] M
Calcium-binding euk [26] 60S ribosomal human [55]
Transcription factors plant [145] [/ ZINNN N7/ R 60S ribosomal plant [114]
143x adapter proteins vert [27] Histones all [84] %
Transcription factors arch [18] 40S ribosomal human [33]
14.3x adapter proteins plant [18] A 40S ribosomal plant [80] B
Chaperones arch [28] A-GPCRs hum [211]
Sodium channels mam [15] [ZZZZREZ7 RS EE] Opsins vert [27] [FZZANSNSSSNEA
Cytoskeletal proteins plant [9] Cytochromes C all [30] [FZZF 777N IR
Cytoskeletal proteins hum [11] : 508 ribosomal arch [33]
Basic Leu zippers euk [198] v 6 30S ribosomal bact [22] 7",
Endocytosis-involved hum  [180] N 7 508 ribosomal bact [34] [ZANNEE
Exchangers A1 Na/K vert [5] [PAAAZFANT 77 L Myoglobins vert [6]
Shuttling proteins euk [35] 7 8 Transcription regulators mam [16] ST
ER & Golgi proteins hum [88] - 308 ribosomal arch [24]
Adhesion non-collagen mam [68] =9 RNAses hum [28] AN
Transcription factors bact [7] Transporters plant [49] [ZSF-TEER
Docking proteins prok [10] N >9 Envelope & surface vir [32]
Protein phosphatases S/T euk [47] RNA-binding Argonaute euk [42] [ZZNY
Chaperones plant [91] |[ZZANNZM RNA binding RRM hum [38] [ZANITIEE
T T T . : . . . . !
0 3 6 9 12 15 0 10 20 30 40 50 60
RNA-binding PUM euk [23] Transcription factors bact [6]
RNA-binding Piwi euk [5] c G-protein gamma subunits hum [11]
Opsins vert [27] Opsins arch [10]
Myoglobins vert [6] 14.3.x platforms vert [27]
Hemoglobins vert [91] 14.3.x platforms plant [18] [#
G-protein gamma subunits hum [11] Cadherins hum [21]
G-protein beta subunits hum [5] RNA-bindng PUM-euk [23] RRNSSNN
Opsins arch [10] G-protein alpha subunits euk [73] [ZZZIESEA
Histones all [84] RN Chaperones bact [180] [FF A7 FFARNNNY777"M
Cytochromes C all [30] Chaperones arch [28]
Receptor channels hum [52] Fimbrial bact [96]
RNA-binding Argonaute euk [36] Plasma membrane arch [58]
Cytochromes-450 all [107] |[FZZZZZZFNNNZZ778] Receptor channels hum [52]
Protamines euk [29] Fuaia o B S W R S N Lectins ribotoxins [69]
60S ribosomal hum [55] RNNSNNNIZ777777 7777 Py Lectins plant [118] [FAF A A FFFZF NSNS 7777 ]
Cytochrome oxidases all [41] Membrane-associated plant [13]
Opsins inv [8] Small GTPases hum [73] [FfZZZZZ RSSO R
Envelope/surface vir [18] Transcription factors arch [18]
Lectins bact [7] Titin hum [1]
Small GTPases hum [73] . Proto-oncogenes hum [7] IIIIIIIIIJ\\WJJ//?/
0 0.4 0.8 1.2 1.6 2 0 1 2 3 4 5

Fig. 5 Groups of pset proteins with largest and lowest abundance of

% sequence in >5-ion homoionic tracts

>5-ionic homoionic tracts. Upper row 20 groups with highest % of
sequence residues in a >5-ion homoacidic and b >5-ion homobasic
tracts. Lower row 20 groups with lowest % sequence in ¢ >5-ion

homoacidic, d >5-ion homobasic tracts. For group constituents, see
Table S1. prok prokaryotes, euk eukaryotes, hum human, bact

bacterial, arch archaeal

Table 2 Fractions of sequence residues and ionic residues in >5-homoionic tracts

Group % Sequence in
>5-acidic tracts

% Sequence in
>5-basic tracts

(>5-basic)/(>5-acidic)
for % sequence*

% All acidic aa in %
>5-acidic tracts

>5-basic tracts

All basic aa in

(>5-basic)/(>5-acidic)
for residue fraction®

pset 4.16 + 0.22 11.1 £ 045 2.66 9.75 £ 0.5 18 £ 0.73 1.85
ago 2.58 £0.83 842 £ 1.7 3.26 849+ 1.6 228 £2.8 2.68
ant 453 £ 1.5 9.26 £ 2.1 2.04 104 £3 23.1 £3.7 222
tox 1.4 £0.52 879 £ 1.6 6.28 6.42 £ 1.0 141 £23 2.20
def 0.48 £0.23 18 £ 2.6 37.5 322 £ 0.53 285 £ 35 8.85

The data are sums of the respective percentages in ionic-only and non-exclusively ionic tracts. See Fig. 4 for discrete values for the ionic-only
tracts and for the tracts not exclusively ionic

# Ratio of the basic to acidic parameter in the preceding two columns

Homobasic >9-ionic tracts are found in about 10 % of
agonist sequences (Table 3), which could be connected
especially to chemotactic mobility. Only about 2 % of

anchoring [97]. There are very few cases of exclusively ionic
>9-homoionic tracts (in pset, five of 704 > 9-acidic and just
one of 1,134 > 9-basic segments).
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Table 3 Parameters of >9-ionic homoionic tracts in the sets examined

Set [number of sequences] Acidic aa per tract

% Acidic density Found in [%]*

Basic aa per tract % Basic density Found in [%]*

pset [4384] 13.1 £ 0.2 39.8 £ 0.75
ago [431] 123 £0.71 309 £ 1.7
ant [160] 12.6 £ 1.1 37.1 £ 3.3
tox [851] 11.0 £ 0.60 28.2 + 0.48
def [704] - -

522 [11.9] 13.0 £ 0.15 33.6 £ 0.5 923 [21.1]
6 [1.39] 11.8 £ 0.39 385 +£25 43 [9.55]
11 [6.88] 11.5 £ 0.54 325 +£25 18 [11.3]
7 10.82] 10.7 £ 0.50 348 £ 3.4 16 [1.88]
11.3 £0.35 326 £ 23 15 [2.13]

? The number of set’s sequences that have >9-ionic zippers, followed in the brackets by that number as % of all sequences in the set

toxins and defensins have such segments (Table 3), in line
with their chiefly insertive mechanisms of action [40, 64].

Ionic density within the sets does not depend
appreciably on the polypeptide chain length

An evaluation of the density of ionizable residues in non-
exclusive homoionic tracts of polypeptides in different
size ranges is presented in Fig. 6; this complements the
analysis of homoionic segments presented in Fig. 2. It
should be noted that the density variation within the
entire sets (regardless of size ranges) is below 33 % for
pset, ago and ant sets (Table 4), which is in contrast with
large variation in chain length of the respective poly-
peptides. This indicates a fair degree of homogeneity in
this density across the diverse polypeptide species
included. The variation is, however, above 40 % for
acidic rox, and above 35 % for basic fox and def densities
(Table 4).

With pset (Fig. 6a), the overall ionic densities are close
to 33 % for both acidic and basic tracts (Table 4). The
<100-aa proteins show a higher density for both acidic
and basic tracts compared to larger chains (Fig. 6a).
Chains with 300 or more residues show quite uniform
average densities. The agonists (Fig. 6b) average 36.5 %
acidic and 34.9 % basic density (Table 4), with basic
tracts having a higher density than acidic in <71 peptides,
and with the acidic density higher than the basic for
longer chains. The ant sequences (Fig. 6¢c) have 39.9 %
acidic and 36.5 % basic mean density (Table 4), and the
acidic density is higher than the basic for all size ranges
(Fig. 6¢). The same is observed with fox set (Fig. 6d),
which has the largest mean density among the sets for
both acidic (40.5 %) and basic (35.8 %) homoionic tracts
(Table 4). The def set (Fig. 6e) has mean 37.5 % acidic
and 35.6 % basic homoionic density (Table 4) and con-
sistently shows larger acidic densities above the chain
length of 30 (Fig. 6e).

As is clear from Fig. 6, the ionic density within homo-
ionic tracts does not have a large dependence on chain size
for polypeptides in the size ranges that have strong repre-
sentation in the respective sets. Large variations are chiefly

associated with polypeptides representing <10 % of the
respective sequences.

The ionic density generally changes little with size
of the homoionic tracts

The size of homoionic segments shows strict correlation (in
Pearson and Kendall tests) with the number of ionic side-
chains for any of the sets. The linear regressions are very
significant in all cases (Fig. 7). Slopes of the regressions
(Fig. 7a) range from 2.98 in ant to 3.45 in def for acidic,
and from 3.49 in ago to 3.62 in pset, indicating addition of
about 3.3 total residues per acidic, and about 3.5 per basic
sidechain. The Y axis intercepts for acidic segments range
from —1.42 % in def to 0.306 % in ant, and for basic tracts
from —1.58 % in defto —1.1 % in ago set (Fig. 7b), which
strongly supports linearity of changes. It should be noted
that both the average densities and the regressions for 2—6
ionic segments (i.e. for homoionic tracts that are strongly
represented in all sets; Fig. 4) are much closer across the
sets (Fig. 7d, e), and also are free from deviations seen in
poorly represented >6-ionic (especially >6-acidic) tracts of
ligand-type sets. In accordance with the density data, the
number of homoionic tracts per 100 sequence residues for
acidic is 1.44 for def and 2.06-2.41 in other sets (Fig. 7¢),
reflecting on both the generally lower segregation of acidic
sidechains, and in particular on the low bulk acidity of
defensins (Table 1). For the homobasic tracts, this number
across the sets is larger as well as closer, from 2.79 in pset
to 3.43 in def (Fig. 7¢). The distribution of densities across
tracts versus increase in the number of ionic sidechains also
indicates lack of major change with ion number (Fig. 7f,
g). Some deviations are, however, seen with >6-acidic
segments especially in short defensin molecules (Fig. 7f).

The >9-homoionic tracts in pset generally do not have
large ion densities (Table 3). Protamines present an excep-
tion, with density of 70 % in basic >9-zippers (and 65 % for
all basic zippers). In 395 ribosomal proteins, 258 > 9-basic
tracts average 39 % density, while the transductionally
dynamic A-GPCRs average the density of only 23 % in
105 > 9-basic zippers of 210 human receptors.
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>2000 [2.01] A > 1000 [0.92] B >1000 [3.75] c
1501-2000 [2.03] 601-1000 [2.3] 785-999 [9]
1201-1500 [1.78] 401- 600 [3.45] 617-694 [3.75]
1001-1200 [3.63] 301-400 [7.13] @ basic 503-596 [6.88] ,
901-1000 [2.94] 201-300 [7.59] ago 400-478 [10.6] .Zﬁts'c
801-900 [3.38] 161-200 [11.0] Dacidic 315-399[10.0]

701-800 [3.4] 121-160 [13.6] ago 205-293 [10.0] ( acidic
601-700 [4.24] Ebasic 81-120 [11.3] 138-168 [6.88] ant
501-600 [8.19] pset 71-80 [5.52] 102-134[8.75]

401-500 [10.6] Oacidic 41-70 [6.21] 86-99 [6.88]

301-400 [15.5] pset 31-40 [8.05] 80-85 [8.13]

201-300 [17.1] 21-30 [8.74] 71-79 [6.25]

101-200 [21.1] 11-20 [5.98] 56-70 [9.38]

<=100 [4.15] <=10 [7.59] <=43[3.75]
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

>1000 [0.94] >160 [0.71]

634-953 [2.23] o 141-160 [0.43] E
303-590 [4.94] 121-140 [0.71]
104-298 [7.05) 101-120 [0.43]
66-100 [11.5] 91-100 [0.57)
61-65 [6.82] 81-90 [1.7]
46-60 [8.7] Bbasic 71-80 [8.1]

38-45[7.17] tox 61-70 [12.9]

34-37 [12.5] acidic 51-60 [25.1] basic

31-33[9.75] 0X 41-50[30.4] def

28-30 [6.82] 31-40[15.1] Dacidic

25-27[6.7] 21-30 [2.41] def
16-24 [7.87] 11-20 [0.57]
<=15[7.05] | <=10[0.99] F——— .

0 10 20 30 40 50 60

0 10 20 30 40 50 60

% ionic residues in homoionic tracts

Fig. 6 Chain length and density of ionic residues in homoionic tracts across the sets examined. Percentages of the set sequences in the chain
length ranges are shown in brackets. For numbers of sequences in the ranges, see Fig. 2

Table 4 Parameters of ionic residue density in non-exclusive homoionic tracts of the sets

Set
[# sequences]

aa per sequence
[% cv]

% Acidic density
[% cv]

% With homoacidic
tracts®

% Basic density
[% cv]

% With homobasic
tracts®

pset [4384] 503.7 [148] 33.8 [29.6]
ago [431] 156.4 [79.2] 36.5 [29.9]
ant [160] 298.7 [93.9] 39.9 [31.8]
tox [851] 97.25 [185] 40.5 [45.2]
def [704] 53.26 [35.3] 37.5 [36.7]

97.9 32.9 [29.2] 99.7
73.6 34.9 [32.4] 88.9
98.1 36.5 [28.5] 97.5
84.8 35.8 [33.9] 77.4
98.9 35.6 [32.6] 98.0

# Note that these values refer to tracts not exclusively ionic. The parameter means are shown with percent coefficients of variation (100*standard
deviation/mean) in brackets. Values for all homoionic tracts are shown in inscriptions of Fig. 3 graphs

Inteins and intron-derived proteins are strongly
homoionic and intronic mRNA sequences are rich
in potentially homobasic code

The consistently large homoionic segregation in all
polypeptide sets prompted an examination of possible
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equivalents in untranslated mRNAs and in non-canonical
proteins. Introns represent a large part of eukaryotic genes,
and in some cases even get translated into functional pro-
teins [30, 78]. Inteins, the self-excising protein-splicing
proteins [28, 32] are considered as protein equivalents
of introns. Introns of eukaryotic transcripts share the
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Fig. 7 Characterization of ionic density of homoionic non-exclusive
segments with two or more ionic sidechains in the sets examined.
a Slopes of linear fits (data shown in d, e) of numbers of tract
residues versus number of ionic sidechains per tract; b Y axis
intercepts of these fits; ¢ numbers of homoionic tracts per 100

nucleoprotein packaging and processing with exons [80],
but may not affect the physiological translation. Regardless
of the potential physiological impact of introns, it is of
interest to compare exons and introns in terms of coding
that does (with exons) or may (with introns) produce
homoionicity.

A comparison focusing on nucleases as proteins func-
tionally similar to endonucleases expressed from introns
(Table 5) indicates that the hypothetical intronic tran-
scripts, the physiological intron-derived endonucleases and
the protein parts of bacterial RNAses-P also have a low

residues. In a—c acidic segment bars are blank. d Acidic homoionic
tract size versus number of ionic sidechains; e the same for basic
tracts; f % density of ionic sidechains in acidic tracts. The data are
shown with the respective standard errors

acidic residue content and homoacidic portion of sequence.
The 88 examined non-translated mRNA sequences from 20
genes (Table S6) include 79 declared introns and nine
3/-UTR, 5'-UTR and other untranslated transcript sections.
More than 90 % intronic constructs show large homobasic
bias (Table S6). The constructs would have only 7 %
sequence in homoacidic zippers. This is followed by the
third intracellular loop (ic3) of mammalian Y5 NPY
receptor (which in itself could be an intron-derived,
frameshift-induced insert [37]) at 7.5 %, RNAse-P protein
parts at 10.3 % and intron-derived endonucleases at 13.6 %
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Table 5 Homoionicity in intron-like proteins, nucleases and intronic constructs

Group DE% HKR% Homoacidic Homobasic =~ Homoacidic =~ Homobasic % Homobasic/  Homobasic/
% sequence % sequence % all acidic % all basic  HKR/ homoacidic = homoacidic
% % sequence % all
DE

Restriction 137 £ 031 143 +0206 2724+095 293+£09 741+£13 77.1£095 1.04 1.08 1.04
enzymes [29]

Inteins [12] 128 £ 1.3 138+074 257424 271+£24 756£44 728+£33 1.08 1.05 0.96

RNAses 133 £ 0.66 153 £0.87 245+24 31+£35 698+24 757+x21 115 127 1.08

E. coli [14]

DNAses 112+ 13 133+14 23 +£38 331+29 69.1+3 79.1 £ 4 1.19 144 1.14
human [7]

DNAses 11.5 £ 072 161 £ 1.1 18 £3.1 353 £28 645+£46 756+4 140 1.96 1.17

E. coli [5]

RNAses human 102 £0.59 153 £062 174+18 413+£21 601+£46 843+£15 150 238 1.40
(28]

Endonucleases 8.27 £ 0.46 149 £0.63 13.6 £ 1.1 404 +£ 127 548 +27 89+12 180 297 1.57
from introns
[36]

RNAses-P 749 £ 005 2454008 103 +04 692+057 63.1+£22 964+£014 327 6.72 1.53

E. coli [22]

Ic3 loop of 826 £0.27 22.7+£037 752+£054 525+£20 573+£234 89.6+£128 275 698 1.56
NPY Y5
receptor [5]

Intronic 645 £ 032 138+041 708+0.75 352+16 38229 77721 214 497 2.03
constructs
[88]

Expressed i.c.? 119+ 15 166+ 1.6 21.9+3 410£38 659+36 799+£39 139 1.87 1.21

proteins [20]

Homobasic/homoacidic % all: the ratio of fractions of sequence basic and acidic residues found in the respective homoionic tracts

For explanation of other column headers see the legend of Table 1. For individual data and access codes see Table S6

% Averages of parameters for 20 expressed proteins from genes bearing 88 introns that were used to construct the hypothetic intronic protein

sequences (see Table S6 for the list)

homoacidic sequence fraction (Table 5). The homobasic
sequence fraction in all of the above groups is higher than
in inteins or the restriction enzymes. The bulk basic/acidic
residue ratio is above 2 for intronic constructs, the Y5 ic3
loop, and RNAses-P, above 1.5 for human RNAses and
intron-derived endonucleases, and 1-1.4 for all other
groups (Table 5). The homobasic/homoacidic sequence
fraction ratio is 5-7 in intronic constructs, the Y5 loop and
RNAses-P, and less than 2 in all other groups including the
exonic correspondents of the constructs (Table 5). The
ratio of homobasic-located basic to homoacidic-situated
acidic aa is 1.4 or above for RNAses, intronic endonucle-
ases, RNAses-P and ic3 of the Y5 receptor, and above 2 for
intron constructs (Table 5). The self-excising inteins have
much higher homoacidic content than intron-derived
endonucleases. Other nucleases in Table 5 have 18-27 %
homoacidic sequence, and pset shows 23.1 % (Table 1).
The above differences may relate to excision mechanisms
of intronic mRNA sequences, and point to the potentially
large homobasic bias as opposing translatability of introns.
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Homoionicity should be important in selection
of partners by many protein domains

Table 6 shows parameters of homoionicity in a number of
protein domains with generally well-defined functions.
These parameters are briefly considered below in connec-
tion to the functions.

Basic Leu zippers contain a long homobasic segment
with a large ionic density (Table 6) that helps high-affinity
binding to DNA (e.g. [43]). This tract is followed by a
mainly helical leucine-rich segment mixing large-density
homoacidic and short homobasic tracts. This type of
composition would be expected for a domain that needs to
accommodate twin functions of binding to DNA and
tethering histone/repressor complexes (e.g. [93]). The
strong homobasic bias (Table 6) is likely to, in addition to
DNA binding, also help homing of acetylated repressors
[17, 93].

The type I calcium-binding EF hand-1 domains essen-
tially are homoacidic tracts and have large acidic and very
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low basic density (Table 6). These parameters fit the
requirements for tertiary structuring of EF hands [9, 33].

The caspase-handling CARD and Death domains are
similar in bulk content of ionic residues as well as in
homoionicity and ionic density (Table 6). The numerous
short homoacidic tracts in these domains could serve in
docking and subcellular relocation [48].

The annexin-type domains have large-density short
homoacidic tracts which should be involved in calcium
binding [90]. The more represented homobasic tracts
should be chiefly responsible for binding to the bilayer
phospholipid [72]. However, short basic zippers are often
involved in type II and III calcium-binding sites.

The src-homology 2 (SH2) domains and src-homology 3
(SH3) domains show moderate homoionic densities
(Table 6), forecasting mainly contact and adapter roles, as
seen in adapter protein Grb2 [51], endocytosis-involved
proteins (especially dynamins [12, 85]), cytoskeletal link-
ers, and many enzymes (e.g. protein kinases and phos-
phatases). The clearly stronger acidic zippers in SH3 and
basic zippers in SH2 could indicate a “division of labor”

Table 6 Homoionicity in some widely represented protein domains

for these well-represented domains, which frequently
reside in the same protein.

The frequent pleckstrin homology (PH) domains should
serve especially in dynamic adhesion to membrane phos-
pholipids. The PH domains are strongly homobasic
(Table 6), therefore preferring phosphoinositides [4] and
phosphatidylserine [35].

The very high homobasic character and rather low
homoacidity of intracellular tails (ic4 domains) of human
A-GPCRs (Table 6) indicate preference for acidic
counterparts in transducers, antagonists and effectors.
This corresponds with strong homoacidic zippers in
partners, including phospholipases [14], nucleotidyl
cyclases [26] and protein kinases [71], and should also be
helpful in association with G-protein heterotrimers in the
ER [95]. The H8 helix of A-GPCRs at the N-terminus of
the ic4 domain [59] is a homobasic tract in ~90 % of
non-visual receptors and in nearly all eukaryote opsins
(Table S4 in [62] and may relate to excision mechanisms
of intronic mRNA sequences). The dynamic transduction
of these receptors to Go subunits could involve short

Group and number  Database # aa in % Domain’s % Domain’s % Domain’s % Domain’s % lonic in % lonic in
of domains access domain aa in acidic aa in basic DE in acidic HKR in basic acidic tracts basic tracts
tracts tracts tracts tracts

Basic Leu zippers PS50217 586+ 1.1 17.6 £ 1.3 50.2 £ 2.0 63.2 £33 882+ 1.3 574 +£32 524+1.7
eukaryote [26]

EF hand-1 PS00018 13 57.6 £ 0.5 3,55 +£0.18 76.7 £ 0.17 9.87 + 0.47 49.0 + 041 6.94 £ 0.34
eukaryote [3657]

CARD [76] PS50209 86.8 £ 0.6 262+ 1.14 273+£0.84 7.1 +1.7 772+ 14 467 £2.1 470+13

Death [174] PS50017 795 £ 061 292 +085 233410 70.8 + 1.0 64.0 + 1.7 423+ 1.0 463+£13

Annexin eukaryote ~ PS00223 53 224 +£0.2 282 £ 0.66 746+ 1.2 72.0 + 1.1 576 £ 05 42.6 £ 0.79
[317]

Src-homology 2 PS50001 963 £0.74 159+ 0.83 338 +1 585+ 19 794 + 1.1 426 + 1.3 382 £ 0.85
(SH2) [117]

Src-homology 3 PS50002 61.7+£031 31.3+£093 2134079 774+1.1 694 + 1.2 403 +0.8 422 +1.0
(SH3) [267]

Pleckstrin PS50003 112+ 1.5 181 £049 384 +0.69 653+ 0.92 82.4 £ 0.63 414 + 0.76  36.9 £ 0.51
homology (PH)
[283]

Ic4 domain of UniProtein® 56.5 2.2 123 4+088 441+ 1.3 464 + 2.5 847 £ 1.0 3554+22 388 +0.92
A-GPCRs [210]

Ecl domain of UniProtein® 49.8 3.9 285+ 1.8 129 + 1.2 65.1 +£2.7 40.0 £ 29 31719 219+19
A-GPCRs [210]

Transmembrane UniProtein® 234 4+ 0.02 224 +026 596+ 048 7.59 & 0.69 12.8 + 0.89 253 4+025 7.16 £0.53
domains of

A-GPCRs [14701°

All percentages are averages for the entire domains. Sequences not identified with taxa are human

# number of, aa amino acid residues, Ic4 intracellular domain #4 (C-terminal in all GPCRs), Ec/ extracellular domain 1 (N-terminal in all

GPCRs)

% The access codes are listed in Table S1

" Averages for the seven transmembrane domains of 210 human A-GPCRs
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homoacidic tracts present in switch regions of the sub-
units [83, 98].

The high homoacidic and low homobasic content of
N-terminal extracellular domains in A-GPCRs (Table 6)
indicate a larger ability to contact and dock basic peptide
segments, which is in line with highly homobasic consti-
tution of agonists (Tables 1 and S2). This could also help
contacts with other ligand-type peptides (Tables 1 and
S3-S5).

The transmembrane domains of A-GPCRs are a good
illustration for low homoionicity of membrane-crossing
segments in proteins. The few transmembrane homoionic
tracts represent less than 10 % of domain sequences, and
have less than 10 % ionic density (Table 6).

Discussion

Homoionic tracts are not limited to particular ranges of
sequence size, and in fact are present even in very short
peptides (Tables S2, S4, S5), especially in agonists (Table
S2). The presence and abundance of homoionic motifs
should be important for contact, docking and stability of
association with partners. Homoionicity could be viewed as
a basal modularity in polypeptide design (Table 1). In
random association, charged homoionic modules could
prefer similar counter-charged segments. The frequent
stable association of ribosomal proteins and rRNAs obvi-
ously depends on use of long basic zippers in the nucleolar
rRNA-rich matrix [41, 74]. Stability of heteropentamers
formed from GPCR dimers and G-protein heterotrimers
[10] should mainly depend on the critical association, in
the Ga-rich ER/Golgi [5, 54], of G-protein heterotrimers
and the H8 helix of the receptors [95]. This helix essen-
tially is a homobasic zipper [62]. Homoionic modularity
could also be a protein construction paradigm, permitting
evolutionary modification of complexes with partners by
adding or removing same-charge modules. This could
apply in particular to highly homobasic sequences of
ligand-type polypeptides (Tables 1, S2-S5).

The homoionic modularity points to a number of issues
that invite experiments with mutation of biotic sequences
and combinatorial sequence design. Examination of the
known switching motifs (in e.g. A-GPCRs [8, 87], G-pro-
teins [82, 98], transcription factors [36, 68] and enzymes
[71]) in relation to the constituent and interacting homo-
ionic motifs could be of considerable interest, and similar
applies to various functionally characterized protein
domains, including those shown in Tables 5 and 6.

The lower degree of homoionic segregation for acidic
residues relative to basic, apparent in all compared sets,
could represent a large-scale evolved pattern related to
interactivity of acidic sidechains. Acidic residue-rich

@ Springer

peptide segments have the potential to form tight com-
plexes with partner sequences [8, 53]. Even non-contiguous
groupings of acidic residues could be powerful interactive
motifs [in annexin and Death domains (Table 6)], or
adhesive acidic motifs [65]. Proteins rich in acidic zippers,
including cadherins, are among the most common protein-
linking factors, and motifs with strong anionic tracts reg-
ulate traffic and intracellular concentration of divalent
cations (e.g. of Ca** [31]) as well as the protein traffic.
Massive multi-acidic zippers are found in a number of
transcription factors, and disbanding of their complexes
with inhibitors could require proteolysis, as with NF«xB/
IxB pair [49, 60]. Across large numbers of polypeptide
species, an optimized relative homoacidity could be lower
than the corresponding homobasicity.

Segregation of basic sidechains, on the other hand, is
critical for protein-polynucleotide association (e.g. [34, 58,
86]), as well as for intracellular protein targeting, traffic
[23, 70, 77] and organization [92]. Based on ionic density
distribution in >9-homoionic zippers, a number of pset
proteins can have strong (and even blocking) association
with the respective partners. Some of these (e.g. prota-
mines) are well known as blockers.

Many agonist peptides, including most chemokine
peptides (Table S2), have homobasic tracts with large
numbers of ionic sidechains. In the absence of signal
transduction, the long homobasic tracts have the potential
to make the binding of agonist peptides essentially irre-
versible, as is documented, e.g. for endothelin at the ET-1
[38] and ET-2 receptor [56], pancreatic polypeptide at the
Y4 receptor [61], and PYY(3-36) at the Y2 receptor [25].
Removal of these agonists may require proteolysis. For
chemokines, in vitro ligand detachment also indicates a
slow separation of agonist peptides [81]. The strong agonist
attachment based on homoionic zippers could relate to
efficacy of transduction, peptide clearance and nuclear
import.

Conclusions

Tonic segregation is implicitly accepted for polynucleotide-
interacting proteins, especially protamines and histones,
but otherwise is not commonly perceived as potentially
general protein feature with low dependence upon type and
size. The present study confirms that homoionic seques-
tration is strongly implemented throughout protein and
peptide classes. A sequence differentiation of this type is of
interest in examination of protein reactivity, and in
evolutionary considerations. This could also be of use
in construction of peptidic agonists, antagonists and
antibodies.
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