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Abstract

Intrinsically disordered regions (IDRs) of proteins are often characterized by a high fraction of charged
residues, but differ in their overall net charge and in the organization of the charged residues. The
function-encoding information stored via IDR charge composition and organization remains elusive. Here,
we aim to decipher the sequence—function relationship in IDRs by presenting a comprehensive bioinfor-
matic analysis of the charge properties of IDRs in the human, mouse, and yeast proteomes. About 50% of
the proteins comprise at least a single IDR, which is either positively or negatively charged. Highly neg-
atively charged IDRs are longer and possess greater net charge per residue compared with highly pos-
itively charged IDRs. A striking difference between positively and negatively charged IDRs is the
characteristics of the repeated units, specifically, of consecutive Lys or Arg residues (K/R repeats) and
Asp or Glu (D/E repeats) residues. D/E repeats are found to be about five times longer than K/R repeats,
with the longest found containing 49 residues. Long stretches of consecutive D and E are found to be
more prevalent in nucleic acid-related proteins. They are less common in prokaryotes, and in eukaryotes
their abundance increases with genome size. The functional role of D/E repeats and the profound differ-
ences between them and K/R repeats are discussed.

© 2022 Elsevier Ltd. All rights reserved.

10

Intrinsically Disordered Regions (IDRs) of parameter, k'~ can impact the conformational

proteins, which are linked to various biological
functions,'® are often characterized by a high con-
tent of charged amino acids. The high charge con-
tent of such IDRs, compared with that of foldable
sequences, favors interactions with the solvent
and may disfavor their folding into a unique three-
dimensional structure.°? The structural and
dynamic properties of the IDR depend on its charge
composition, which is often measured as the net
charge per residue (NCPR) or as the fraction of pos-
itively or negatively charged residues (f, or f,
respectively). In addition to the charge content,
the organization of the charges along the sequence
(measured, for example, by the charge pattern
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ensemble of IDRs,"" and modulate the interaction
of IDR-bearing proteins with DNA'#"® and other
proteins.’* " A key question remains: how is the
function of IDRs encoded in their sequence and,
specifically, how does the organization of negatively
and positively charged residues encode function?
Here, to understand better the principles
underlying the effect of charge organization on
function, we quantify the properties of IDRs from
three different proteomes (human, mouse, and
yeast) in terms of the number of IDRs in the
proteome, their length, charge content, and
charge organization. To explore the linkage
between charge characteristics and function, the
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proteins were classified according to their function
(based on Gene Ontology (GO) molecular function
annotations) to three classes: nucleic acid related
proteins (NARs), enzymes (whose function is not
related to nucleic acids), and other (the rest of the
proteins).

The human proteome contains 22,813 IDRs
(defined with fIDPnn*? as regions with at least 15
consecutive residues and with score > 0.3) of which
6,273 are NARs, 3,450 are enzymes, and 9,072 are
in the control group (the remaining proteins have no
annotated function). As shown in Figure 1(A),
~60% of human enzymes (triangles), 40% of con-
trol (empty circles) and 40% of NAR proteins (filled
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circles) have no IDRs. By contrast, the presence of
2—4 IDRs is most common in NARs, which serve as
disordered tails or flexible linkers bridging two
folded domains. Similar results were obtained for
the yeast and mouse proteomes (Figure S1).

To quantify further the differences between the
proteins in the NAR and enzyme classes, we
analyzed cases with a single (Figure 1(B)) or two
IDRs (Figure 1(C)). Figure 1(B) shows that NARs,
enzymes and proteins in the control group
possess a larger fraction of negatively charged
(NCPR < 0, red bars) than positively charged
IDRs (NCPR > 0, blue bars). Similarly, when only
highly charged IDRs (NCPR > 10.3l) are
considered, proteins from all functional groups
have more negatively than positively charged
IDRs (inset). For proteins with two terminal IDRs,
18-40% of the proteins have two negatively
charged tails (red bars),18-37% have two
positively charged tails (blue bars), and 44-62%
of the proteins have one positively charged and
one negatively charged tail (purple bar) in the
three functional classes (Figure 1(C)). The
prevalence of proteins with two oppositely charged
tails may suggest that these proteins share a
common function that can take advantage of dual
charge character. One possibility is to form
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Figure 1. Occurrence and charge properties of
IDRs in three functional protein classes. (A) Proteins
in the human proteome (15,875 proteins with annotated
function) were divided into three functional classes:
nucleic acid related proteins (NAR; 3,838 proteins),
enzymes (whose function is not dependent on nucleic
acids; 4,308 proteins), and a control group containing
the rest of the annotated proteins in the human
proteome (7,729 proteins). Proteins were classified
based on Gene Ontology (GO) molecular function. For
each functional class, the fraction of proteins that have
0, 1, 2, 3, or 4 IDRs is shown (see main text for detailed
description). IDRs are defined as stretches of at least 15
residues whose disorder fIDPnn score® is greater than
0.3. Similar analyses for the yeast and mouse genomes
are shown in Figure S1. (B) For proteins with a single
IDR, the occurrence of proteins with a negatively (red
bars) or positively charged IDR (blue bar) is shown. The
value on top of each bar shows the number of proteins in
that sub-class. Inset: proteins with a single IDR that
have net charge per residue of NCPR < —0.3 (red bars)
or NCPR > 0.3 (blue bars). (C) For proteins with two
terminal IDRs (at both the C- and N-termini), the
occurrence of three possible cases are plotted: the two
IDRs are both negatively or both positively charged (red
and blue bars, respectively), or one IDR is positively
charged and the other is negatively charged (purple
bar). The number of proteins in each sub-class is shown
on top of each bar. In panels B and C, the percentage
occurrence is calculated according to the total number of
proteins in each functional class.
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biomolecular condensates, but other functions may
be involved as well.

The length of an IDR can also affect its function.
Figure 2(A) shows a contour plot of IDR length
versus NCPR values for all human proteins. The
quite symmetric shape of the contour plot
suggests that when considering all human IDRs,
the average length and NCPR are similar for
positively and negatively charged IDRs. Most
IDRs are of ~20 residues and with NCPR ~ 0.
Some IDRs are much longer (>1000 residues)
and some have NCPR values close to unity (i.e.,
near-polyelectrolytic IDRs), with the negatively
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charged IDRs being more highly charged than the
positively charged IDRs.

To obtain better resolution, we focused on highly
charged IDRs (i.e., with NCPR > 10.3l) in the three
protein functional classes. Figure 2(B) shows a
violin plot of the length of highly negatively (red) or
highly positively charged IDRs (blue) for each
protein class. It is apparent from the width of the
distributions that there are more negatively
charged IDRs than positively charged IDRs across
protein classes. Moreover, negatively charged
IDRs are longer (Figure 2(B)) and have slightly
greater NCPR absolute values (Figure 2(C)) than
positively charged IDRs. In addition, negatively
charged IDRs on NARs are longer than negatively
charged enzymatic and control IDRs (Figure 2
(C)). Similar results were obtained for the yeast
and mouse proteomes (Figure S2).

The observation that there are clear differences in
length and NCPR values between highly negatively
and highly positively charged IDRs (Figure 2) led us
to ask whether the charge organization within IDR
sequences is different for positively and negatively
charged IDRs. To that end, we calculated the
length of residue repeats involving either positively
charged residues (Lys and Arg, denoted as K/R
repeats) or negatively charged residues (Asp or
Glu, D/E repeats) in each IDR. Figure 3(A) shows
contour plots of the length of the longest charged
repeat in each IDR versus the fraction of charged
residues. The length of the longest K/R (D/E)
repeat is plotted versus f.(f_) and presented as a
blue (red) contour map. Whereas IDRs have D/E
repeats with lengths approaching 30 amino acids
(red f_ plots), the longest K/R repeat in IDRs only
reaches 10 amino acids (blue f, plots). Moreover,
on average, the IDRs of the NAR proteins have
longer D/E repeats than the IDRs of the enzymes
or the control group (see the mean values
indicated on the plots). A complementary way to
quantify the degree of charge segregation is by
the x parameter for each IDR.'® The closer the

<

Figure 2. Negatively charged IDRs are longer and
more highly charged than positively charged IDRs.
(A) Contour plot showing the length (logarithmic scale)
versus net charge per residue (NCPR) for all human
proteins. (B and C) Violin plots showing the distribution
of length (B) and the NCPR (C) in each functional class,
for highly negatively (NCPR < —0.3; red) and highly
positively charged IDRs (NCPR > 0.3; blue). The median
length (B) and NCPR (C) values for each group are
shown in the corresponding color. The p-value of the
negative and positive IDRs for the NAR, enzyme and
control groups are 2 x 107, 4 x 107°, and 1 x 1078,
respectively, with respect to length, and are 0.1, 0.4, and
0.05, respectively, for NCPR. NCPR values are plotted
as absolute numbers. Data for yeast and mouse are
shown in Figures S2 and S3, respectively.
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Figure 3. Charge segregation in charged IDRs. (A and B) The length of consecutive positively charge residues
(K/R repeats, blue) or negatively charged residues (D/E repeats, red) (A) and the charge organization along the
sequence of the longest stretch as measured by « (B) are shown as a function of the fraction of positively (f,) or
negatively charged (f.) residues in a given IDR sequence. Mean values for the longest K/R or D/E repeats (in amino
acids) and of k are indicated on each panel. The « values were calculated using CIDER.*’

value of «x is to 1, the more segregated the charges
are. The results of the «k analysis further support our
observation that charges are more segregated in
negatively charged IDRs compared with positively
charged IDRs (Figure 3(B)). Similar results were
obtained for the yeast (Figure S3) and mouse (Fig-
ure S4) proteomes. We note that identifying the
IDRs using the IUPRED predictor®® (instead of the
fIDPnn predictor®®) resulted with different number
of IDRs per organism and in each functional group,
yet the IDRs had similar characteristics, indicating
that our conclusions are not sensitive to the disorder
predictors.

The observation that highly negatively charged
IDRs in NARs are characterized by more
significant charge segregation than IDRs in other
functional classes may imply that the function of
IDRs with long D/E repeats is related to nucleic
acids. To further characterize the D/E repeats, we
analyzed all D/E repeats in proteomes from
multiple organisms by counting the length of the
longest D/E repeat in each protein (Lpg). For
comparison, the length of K/R repeats (Lxg) was
analyzed too. Figure 4(A) shows the distribution of
Lpe in the human, mouse, yeast, and Escherichia
coli (E. coli) proteomes. E. coli has no proteins
with Lpe > 10, but the three eukaryotic organisms
have many proteins with Lpez > 10. The pie charts
in Figure 4(B) show the functional classification of
proteins with Lpe > 10. In all investigated

eukaryotic proteomes (yeast, mouse, and human),
~1% of the proteins have Lpeg > 10. Furthermore,
while 24% of yeast proteins with Lpe > 10 are
NARs, in the mouse and human proteomes 39
and 44%, respectively, of the proteins with
Lpe > 10 are NARs. Looking at a higher resolution
of protein function, we found that within the NAR
proteins in the human and mouse proteomes with
Lpe > 10, the occurrence of DNA-binding proteins
is at least double than that of RNA-binding
proteins (in human: 25% and 13% for DBPs and
RBPs respectively, and in mouse 26% and 9% for
DBPs and RBPs, respectively). This analysis
further supports the idea that, in many cases, the
function of long D/E repeats is related to nucleic
acid binding.

Based on the latter observation, an additional
plausible inference may be that long D/E repeats
are more abundant in organisms with more
complex genomes. To directly test this idea in a
broad context, we estimated the fraction of
proteins with K/R or D/E repeats longer than either
5 or 10 residues as a function of genome size for
22 different organisms. Figure 4(C) (left Y axis;
triangles) shows that the fraction of proteins with
Lxr > 5 or Lpe > 5 increases with genome size,
but the D/E repeats (red) are about twice as
abundant as K/R repeats (slopes of 1.3 (R? = 0.6)
and 0.7 (% = 0.8), respectively). The difference
between the D/E and K/R repeats is striking when
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Figure 4. Function of D/E repeats across organisms. (A). The number of proteins having D/E repeats of various
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IDRs.

examining longer repeats. Whereas the fraction of
proteins with Lpe > 10 (right Y axis; circles)
increases with genome size (slope = 0.1,
R? = 0.6), the fraction of proteins with Lxz > 10
barely changes with genome size (slope = 0.01,
R? =0.5).

To emphasize the difference between stretches
of positively and negatively charged residues, we
show that while the D/E repeats in the human
proteome can reach up to 49 residues (in the
extreme case of the myelin transcription factor), K/
R repeats are only up to 10 residues long (see
Figure 4(D)), illustrating the profound difference

between these two types of charged
Possible explanations for why negatively charged
D/E repeats are longer and more common than
positively charged K/R repeats include that K/R
repeats are more prone to proteolysis®* and that
they may slow down translation kinetics in the ribo-
some because the exit tunnel is negatively
charged.”>#°

Based on the observations that long D/E repeats
are more likely to be found in NAR than in enzymes
and that the fraction of proteins with long D/E
repeats increases with genome size, we conclude
that the function of long D/E repeats is related, in
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many cases and across organisms, to nucleic
acids. Several previous studies sugyort the idea
that NARs are enriched with IDRs,~" and specifi-
cally that the function of highly negatively charged
IDRs is related to nucleic acids. For example, it
was shown that a DE-rich region of the transcription
factor Sox11 autoinhibits DNA binding both in vivo
and in vitro.?® Similar observations were made for
the regulatory factor RFX1, where a 17-amino acid
stretch containing 14 negatively charged amino
acids inhibits DNA binding,”® and for the upstream
binding factor (UBF), which contains two D/E
repeats (Lpe =21 and 18 amino acids).* It was also
suggested that structural D/E repeats may play a
role in gene regulation through nucleic acid
mimicry.®” An extreme example comes from a
recent study that combined NMR measurements
and molecular-dynamics simulations, which
demonstrated that the 30 amino-acid long D/E
repeat in the C-terminus of the DNA-binding protein
HMGB1 dynamically autoinhibits its interaction with
DNA through fuzzy electrostatic interactions.®* Sim-
ilarly, another study showed that a 10 amino-acid
long sequence containing 9 D/E repeats (and a sin-
gle non-acid middle residue) in the RNA binding
protein Nop15 increases protein stability and RNA
binding specificity.** Autoinhibition was also shown
for DNA-binding proteins with IDRs that do not have
D/E repeats, such as in the case of p53.** Interest-
ingly, also in the case of p53, autoinhibition is elec-
trostatically driven by a phosphorylation-dependent
switch.®®

We should point out that autoinhibition via D/E
repeats also occurs for other types of proteins.

For example, phospholipase Cp3 (PLCB3)
undergoes autoinhibition via D/E repeats
(Lpe = 11), which interact with the positively

charged surface of the PLCB3 catalytic domain.*®
Neural Wiskott-Aldrich syndrome protein (N-
WASP), a regulator of actin cytoskeleton formation
whose functional domain (WHI) is positively
charged, is also autoinhibited via its acidic region
containing D/E repeats (Lpz= 11).%” A probable rea-
son why D/E repeats are found more frequently
among NAR proteins is that they possess positively
charged domains for DNA/RNA-binding, which D/E
repeats can inhibit via electrostatic interactions.

An additional unique function of a highly
negatively charged IDR was recently shown for
DAXX, a D/E rich protein that contains a 50 amino
acid long segment with 35 negatively charged
residues. It was shown that this protein prevents
aggregation, solubilizes pre-existing aggregates,
and unfolds misfolded species of model
substrates and neurodegeneration-associated
proteins.®® Finally, we focused here on repeats of
negatively charged amino acids and their function,
but it is noteworthy that repeats of other amino-

acid are found in eukaryotic organisms, and that
they have important biological functions.*?°

Interestingly, glutamate (E) is more frequently
found than aspartic acid in D/E repeats. In the
human proteome, the frequency ratio n(E)/n(D) is
3.1 among D/E repeats with Lpe > 10, whereas
the overall n(E)/n(D) ratio among all proteins is
1.5. In the mouse proteome, the corresponding
ratios are 3.1 and 1.4. This strong bias toward E
rather than D suggests that charge is not the only
factor important for D/E repeats as, compared with
poly-E, the shorter side chains of poly-D cause
stronger charge repulsion and favor a more
expanded backbone structure.*’ Thus, the strong
bias toward E in D/E repeat sequences might be
related to their structural compactness or to the suit-
ability of their charge density for the functional role
of D/E repeats.

In conclusion, in this study, we analyzed the
sequence features of negatively charged IDRs
associated with different functions across several
proteomes. We found that highly negatively
charged IDRs are longer and more highly charged
than positively charged IDRs. In addition, highly
negatively charged IDRs whose function is related
to nucleic acids (NARs) are longer, more charged,
and their charged residues are more segregated
than IDRs in enzymes or in the control group. This
finding suggests that, whereas positively charged
IDRs are functionally important because they can
directly influence protein interactions with nucleic
acids via  attractive  electrostatics (and
consequently affect binding thermodynamics®®
and kinetics'#***%), negatively charged IDRs are
functionally important because they can regulate
nucleic acid binding. Our study clearly shows that
negatively charged IDR are also used for other bio-
logical functions. One example is the negatively
charged N-terminal tails that coat microtubules,
whose precise patterning of negatively charged
residues shapes the energy landscape for
microtubule-mediated protein translocation for a
variety of proteins.*>*®

Moreover, we found that negatively charged IDR
are characterized by long D/E repeats whereas
the K/R repeats are much shorter. We found that
the function of almost 50% of the proteins with
Lpe > 10 in the mouse and human proteomes is
related to nucleic acids, and that the fraction of
proteins with long D/E repeats per organism
increases with genome size. Therefore, we
conclude that highly negatively charged IDRs and,
more specifically, IDRs with long D/E repeats, are
likely to play an important role in regulating
transcription and translation, as these processes
are ultimately controlled by the interactions of
proteins with nucleic acids.
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SI Methods

Protein functional classification

Proteins that their Gene Ontology (GO) molecular function annotation contained the
words “DNA binding” or “RNA binding”, were defined as “Nucleic Acid Related” (NAR)
proteins. Proteins that their GO molecular functions contained the words “ase activity” were
defined as “Enzymes”, and the rest of the proteins were in the Control group. Proteins that did
not have a manually annotated GO molecular function were not included in our analysis.

Disorder prediction

Disorder propensity for the human proteome in the main text was predicted using the
fIDPnn algorithm (1), which had the highest F1 score in the recent Critical Assessment of
Intrinsic Disorder prediction (3). Since fIDPnn requires extensive computational resources,
disorder of the mouse and yeast proteomes were preformed using Iupred2 A (2), which is orders
of magnitude faster (see Figs S1-5). For comparison, we also include in the SI the analysis of
the human proteome using lupred2.
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Figure S1. Occurrence and charge properties of IDRs in three functional protein classes.
(A) Proteins in the Yeast proteome (4,478 proteins with annotated function) were divided into
three functional classes: Nucleic Acid Related proteins (NAR; 1143 proteins), Enzymes (whose
function is not dependent on nucleic acids; 1,639 proteins) and a Control group with the rest
of the annotated proteins in the human proteome (1,696 proteins). Proteins were classified
based on Gene Ontology (GO) molecular function. For each functional class, the fraction of
proteins that have either 0, 1, 2, 3 or 4 IDRs are shown IDRs are defined as stretches of at least
15 residues whose disorder Tupred2 score(2) is greater than 0.5. (B) same as in (A) but for
mouse. In Mouse there are 13,963 proteins with annotated function, 2,771 NARs, 4,187
enzymes and 7,005 in the control group. (C) Same as A and B, but for Human.
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Figure S2. Negatively charged IDRs are longer than positively charged IDRs and more
highly charged. (A) Contour plot showing the length (logarithmic scale) versus NCPR for all
human proteins. (B) Violin plot showing the distribution of length in each functional class, for
highly negatively (NCPR < -0.3; red) and positively charged IDRs (NCPR > 0.3; blue). The
median values of length of each group is shown in the corresponding color. The p-value of the
negative and positive IDRs for the NAR, Enzyme and control groups are 4x107, 4x102, and,
6x1072, respectively. (C) Similar to (B), but showing NCPR. The median values of the NCPR
for the six groups of IDRs are highlighted on the plot. The p-value of the negative and positive
IDRs for NAR, Enzyme and control groups are 3x102, 1x102, 0.3, respectively. The sign of
the NCPR of the negatively charged IDR is neglected in the plot. (D-F) same as A-C, but for
Mouse. P-values for the length for NAR, Enzyme and control groups are: 2x10, 2x102, and,
6x10, respectively. P-values for NCPR of the NAR, Enzyme and control groups are: 4x1073,
9x102, and, 1x1072, respectively. (G-I) same as A-C, but for Human. P-values for the length
for NAR, Enzyme and control groups are: 3x10™, 0.2, and, 1x107, respectively. P-values for
NCPR of the NAR, Enzyme and control groups are: 4x107, 9x1073 and, 0.2, respectively.
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Figure S3. Charge segregation in charged IDRs in Yeast. (A) The length of the longest
stretch of consecutive positively (KR repeats, blue) or negatively charged (DE repeats, red)
residues, is shown as a function of the fraction of positively (f+) or negatively charged (f.)
residues in a given IDR sequence. (B) Same as in (A), but showing K (see main text for
definition) as a function of the f: and f.. Mean values the longest KR or DE repeats (in amino
acids) and of k are shown on each panel. Data are shown for NAR proteins (top row), Enzymes

(middle row) and the control group (bottom row).
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Figure S4. Charge segregation in charged IDRs in Mouse. Same as Fig. S3, but showing

data for the mouse proteome.
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Figure S5. Charge segregation in charged IDRs in Human. Same as Fig. S3-4, but showing
data for the human proteome.
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