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Intrinsically disordered regions, particularly disordered tails, are very common in 
DNA-binding proteins (DBPs). The ability of disordered tails to modulate specific and 
nonspecific interactions with DNA is tightly linked to their being rich in positively charged 
residues that are often non-randomly distributed along the tail. Perturbing the composition 
and distribution of charged residues in the disordered regions by post-translational 
modifications, such as phosphorylation and acetylation, may impair the ability of the tail to 
interact nonspecifically with DNA by reducing its DNA affinity. In this study, we analyzed 
datasets of 3398 and 8943 human proteins that undergo acetylation or phosphorylation, 
respectively. Both modifications are common on the disordered tails of DBPs (3.1 ± 0.2 
(0.07 ± 0.007) and 2.0 ± 0.2 (0.02 ± 0.003) acetylation and phosphorylation sites per tail 
(per tail residue), respectively). Phosphorylation sites are abundant in disordered regions 
and particularly in flexible tails for both DBPs and non-DBPs. While acetylation sites are 
also frequently occurred in the disordered tails of DBPs, in non-DBPs they are often found 
in ordered regions. This difference may indicate that acetylation has different function in 
DBPs and non-DBPs.  Post-translational modifications, which often take place at disordered 
sites of DBPs, can modulate the interactions of proteins with DNA by changing the local and 
global properties of the tails. The effect of the modulation can be tuned by adjusting the 
number of modifications and the cross-talks between them.   

 

1. Introduction 

Post-translational modifications (PTMs) are widely used to modulate protein function 
in the cell. PTMs can therefore be viewed as covalent modifications that increase the 
structural and biophysical diversity of proteins and thus enrich the information stored in 
the genomes. There are dozens of different PTMs that are incorporated by the cell. To 
achieve the required effect, a protein may undergo a single PTM or several PTMs that may 



engage in cross-talk. In many cases, a single position on the protein can be altered by 
different modifications so that switching between several effects (or functions) can be 
regulated by the identity of the PTM at that position. PTMs are often classified according to 
the mechanisms involved: the addition of functional groups (e.g., phosphorylation and 
glycosylation); attachment of other polypeptides (e.g., ubiquitination and SUMOylation); 
changing of the chemical nature of amino acids (e.g., acetylation, deamidation and 
oxidation); and cleavage of the backbone by proteolysis 1, 2. PTMs can be categorized 
according to the conformational preference of the modification sites; namely, if the PTM 
occurs on a structured or disordered region. PTMs at structured domains are crucial, for 
example, for modifying enzymatic activities or stabilizing protein structure. PTMs at 
disordered regions are advantageous because of the high-exposure of these sites, which 
enables them to be accessed easily by the modifying enzymes through high-specificity and 
low-affinity interactions that also often involve a disorder-to-order transition. Indeed, the 
abundance of disordered sites as targets for PTMs is evident from many experimental 
studies 3 and various predictive approaches indicate that sequences surrounding PTMs 
have features similar to those of disordered regions 4.    

In this study, we focus on two widespread PTMs, acetylation and phosphorylation, that 
play important roles in modulating various regulatory processes. We focus on the analysis 
of these two PTMs in DNA-binding proteins (DBPs), which are a unique but highly central 
group of proteins that mediate numerous genetic processes, such as transcription, 
repression, and replication via interaction with DNA. Very often, DBPs include a patch of 
positively charged residues that serve as the binding site for interacting with the negatively 
charged DNA. The location of the positively charged residues (Lys and Arg) in the 3D 
structure supports the participation in hydrogen bonding with the bases of the nucleotides 
that constitute the cognate site. The positive patches on DBPs not only contribute to 
specific recognition of the protein residues and the DNA nucleotides, but also play a pivotal 
role in allowing DBPs to interact non-specifically with DNA. While the affinity of DBPs for 
non-specific DNA is relatively low and can be strongly affected by salt concentrations that 
mask the electrostatic complementarity, non-specific interactions are nevertheless central 
to the achievement of fast recognition. 
Electrostatic interactions between DBPs and DNA mediate the search mechanism for the 
cognate target site, which is surrounded by many alternative sites. Non-specific 
electrostatic interactions govern the one-dimensional sliding of DBPs along the linear 
contour of the DNA 5. The time a DBP spends in the different search modes (sliding, 
hopping, inter-segment transfer, and 3D diffusion) is dictated by the electrostatic features 
of the protein as well as by the salt concentration. It was shown that DBPs may not always 
slide using the patch that is used for specific interactions 6.  The non-specific and specific 
interactions of DBPs with DNA can be supported by disordered regions, often at either or 
both the C- and N-termini. The disordered tail on DBPs is positively charged and can be 
viewed as another sub-domain that interacts with DNA. The high specificity and high 
selectivity of the recognition motif at the structured domain involved in interacting with 
DNA can be enhanced by the disordered sub-domain. The importance of the N-terminal 
disordered tail for protein folding and for specific or non-specific interactions with DNA 



was studied recently for several homeodomain transcription factors, both experimentally 7, 

8 and computationally 9, 10. These disordered tails, which are positively charged and highly 
disordered in solution, can cause thermodynamic destabilization or stabilization of the 
protein in the absence or presence of DNA, respectively 8, 11, 12. The tails of the 
homeodomain may fold upon binding to the DNA in the minor groove or remain partly 
flexible or disordered 13. A number of studies have demonstrated that N-tails can 
contribute to selective sequence binding specificity 8, 13-16. A recent computational study of 
three homeodomain proteins with different tail lengths and net charges demonstrated the 
role of the disordered tail in facilitating DNA search 9, in agreement with kinetic NMR 
studies 17. The presence of an N-tail increases the affinity of the protein to the DNA, and 
therefore enhances its sliding propensity at the expense of hopping and 3D diffusion. 
However, a higher propensity for sliding has its price: the linear diffusion coefficient of the 
protein moving along the DNA is lower, which results in a slower search 9. The disordered 
tail can also assist intersegment transfer18, 19 via the monkey-bar mechanism without 
accumulation of free protein during the jump from one segment of DNA to another 9, 10.  

Clearly, PTMs, such as acetylation, which masks the positive charge of Lys, or 
phosphorylation, which introduces negative charges to Ser, Thr, or Tyr, can reversibly 
change the electrostatic potential of DBPs and therefore their nonspecific and specific 
interactions with DNA. Indeed, many DBPs, especially transcription factors, undergo 
acetylation20 and phosphorylation21. Two well known examples of the important role 
played by a PTM on a disordered tail in modulating interactions with DNA are the 
modifications on p53 transcription factor C-tail and on the histone tails. The p53 protein is 
regulated mostly through covalent modifications22 that occur on both the C- and N-tails23, 

24. Acetylation events within the C-tail, which is positively charged and strongly interacts 
with the DNA, significantly enhance site-specific DNA-binding activity and the degree of 
acetylation is well correlated with p53-mediated activation in vivo25. Phosphorylation of 
the C-tail positively regulates DNA binding and tetramerization of p5326. The histone tails 
are subject to a variety of PTMs that increase the accessibility of nucleosomal DNA by 
weakening histone–DNA interactions27-30 and consequently influence various cellular 
processes that depend on the state of the chromatin 28. 

To quantify the abundance of acetylation and phosphorylation in DBPs and in 
particular at ordered or disordered sites, we analyzed human DBPs with experimentally 
characterized PTM sites. We then refined our analysis by investigating the occurrence of 
acetylation and phosphorylation on disordered tails and illustrated the effects of gradual 
modifications on DNA search dynamics by coarse-grained molecular dynamics simulations 
of the Ets-1 transcription factor. . 

2. Methods 

2.1. Statistical analysis of acetylation and phosphorylation in DNA-binding proteins 

Datasets of acetylated and phosphorylated human proteins were constructed using 
PhosphoSite (http://www.phosphosite.org). The Uniprot site (http://www.uniprot.org) 
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was used to download the sequences of annotated human proteins and to obtain a subset 
of DNA-binding proteins (DBPs). Next, the sequences of the proteins from the PhosphoSite 
datasets were retrieved from the Uniprot sequences. The charges on the protein were 
calculated by assigning a single positive charge (+1) to each Lys or Arg and a single 
negative charge (−1) to each Glu or  Asp. Acetylated Lys was considered a neutral residue 
and phosphorylated Ser, Thr, or Tyr were analyzed as negative residues (with a charge unit 
of -2). Determination of disordered regions was performed using IUPred in the long-range 
31. A protein was considered to have a disordered tail if an unstructured segment of at least 
five consecutive amino acids was predicted at either its N-terminus or its C-terminus (if the 
protein was predicted to have unstructured segments at both ends, two separate tails were 
counted). The ordered region of a protein was defined by excluding the disordered 
segments from the whole protein sequence. The effects of acetylation and phosphorylation 
on the composition and distribution of charges on the disordered segments or on the 
ordered parts of DBPs and non-DBPs can be characterized by various measures that aim to 
capture the complexity introduced to the protein sequence by the PTMs. In the current 
study, we focused on two measures: the number of PTMs, calculated as the sum of all PTMs 
in the tail or globular part and the density of PTMs, calculated as the number of the PTMs 
normalized by tail length. We emphasize that the influence of the number of each type of 
PTMs, their location on the protein sequence, and, in particular, the pattern of the charged 
residues can be further characterized by other parameters.   

2.2. Simulation model for searching the DNA of modified proteins  

We studied the dynamic nature of DNA search by phosphorylated variants of the Ets-1 
protein using a reduced model 5, 9 that allows sampling of long timescale processes, such as 
sliding, hopping, 3D diffusion, and intersegment transfer. We modeled the DNA as having 
three beads per nucleotide, representing phosphate, sugar, and base. Each bead was 
located at the geometric center of the group it represents and a negative point charge was 
assigned to beads representing the DNA phosphate groups. In the simulations, a 100 bp B-
DNA molecule was used to study protein diffusion and the DNA remained in-place and rigid 
throughout the simulations. 

The protein was represented by a single bead for each residue located at the Cα of that 
residue. Beads representing charged amino acids (Lys, Arg, Asp, and Glu) were charged in 
the model. Non-specific protein–DNA interactions were modeled by electrostatic 
interactions between all charged residues of the protein and the phosphate bead of the 
DNA using the Debye–Huckel potential, which accounts for the ionic strength of a solute 
immersed in aqueous solution5. The dynamics of Ets-1 was studied at salt concentrations in 
the range of 0.01–0.12 M using a dielectric constant of 80 and a temperature at which the 
protein is completely folded. More details of the simulations can be found in refs. 5, 9, 10, 32. 
Using this model, we studied the interaction of several phosphorylated variants of Ets-1 in 
which a phosphorylated residue was modeled as a point charge of -2. The non-specific 
interactions between the protein and DNA were quantified by classifying each snapshot as 
performing 1D diffusion (either sliding or hopping) or 3D diffusion.  



3. Results 

3.1. The occurrence of acetylation and phosphorylation at disordered regions 

Intrinsically disordered regions are often found as primary sites for PTMs33-35. Some 
PTMs are more frequently found at disordered sites than others36 (e.g., acetylation and 
phosphorylation are abundant in the disordered regions of DBPs37, 38). In this study, we 
focus on quantifying the existence of acetylation and phosphorylation modifications in 
DBPs as these PTMs involve changes to the electrostatic charges of the modified sites in a 
way that may affect interactions with the negatively charged DNA molecules. We found that 
among 3398 human proteins that undergo acetylation, 65% of the acetylated Lys are 
located in intrinsically disordered regions. Among the 8943 human proteins that undergo 
phosphorylation, 79% of the modified Ser, Thr, or Tyr are located in intrinsically 
disordered regions. The occurrence of acetylation sites in disordered regions is much 
smaller in non-DBPs (34%), while phosphorylation sites are still widespread in disordered 
sites (69%) (Fig. 1). 

 
 
 
 
 
 
 
 
 
 

 
 
Fig. 1. The occurrence of acetylation and phosphorylation modification on proteins. The 
occurrence of acetylation (on Lys) and phosphorylation (on Ser, Thr, or Tyr) (shown in red and 
blue, respectively) post-translational modifications (PTMs) at the disordered sites of proteins (A) 
and disordered tails (B) is analyzed for two datasets of human acetylated and phosphorylated 
proteins (including 671 and 1673 proteins, respectively). Each dataset of modified proteins was 
divided into groups of DNA-binding proteins (DBPs; 81 and 132 acetylated and phosphorylated, 
respectively) and non DNA-binding proteins (non-DBPs; 590 and 1541 acetylated and 
phosphorylated, respectively). The values for the occurrence of the corresponding unmodified 
residues at disordered or tail regions are shown in gray.  

To simplify the analysis, we focused on smaller proteins that are composed of <300 
amino acids. This dataset includes 671 and 1673 human proteins that undergo acetylation 
and phosphorylation, respectively. Among the acetylated proteins, 8% are DBPs, which 
account for 30% of the acetylated Lys in the dataset (517 modified Lys). Among the 
phosphorylated proteins, 8% are DBPs, which account for 13% of the modified phosphor-
sites (298 Ser, 127 Thr, and 196 Tyr) in the dataset. The involvement of acetylation and 
phosphorylation in proteins that are not DBPs provides further illustration of the diversity 
of their cellular function in addition to their modulatory interactions with DNA. 

 



Importantly, the majority of the modification sites in the DBPs (about 81% and 77% of the 
acetylation and phosphorylation sites, respectively) are in disordered regions. In non-
DBPs, the opposite trend is observed for acetylation, as only 30% of the acetylation sites in 
these proteins are in disordered sites. This is in agreement with analysis of the mouse 
acetylome, which showed the high preference of acetylation sites to locate in structured 
regions 39. This trend was also reported recently in an analysis of acetylation using a 
dataset of ubiquitinated proteins 36. For phosphorylation, whose sites generally show a 
high preference for disordered regions 3, there is a smaller difference between DBPs and 
non-DBPs. However, a larger fraction of phosphorylation sites is found in disordered sites 
on DBPs than non-DBPs (63% on DBPs vs 46% on non-DBPs) (Fig. 1). 

3.2. The occurrence of acetylation and phosphorylation at disordered tails 

In addition to analyzing the occurrence of PTMs at disordered regions, it is of 
interest to focus specifically on disordered tails (at either the C- or N-termini) because they 
are quite common in proteins, especially DBPs (Fig. 2). We have previously shown that  
~70% of DBPs and only ~50% of non-DBPs in humans posses  disordered tails 10, 32. The 
tails of human DBPs are longer than those of other human proteins (~70% of the tails of 
DBPs are longer than 5 residues while only 40% of all human proteins have tails longer 
than 5 residues, Fig. 2B). The disordered tails of DBPs have a larger net positive charge 
than the tails of all human proteins and their charges tend to be much more clustered (Fig. 
2C). We note that the composition of positively charged residues and their degree of 
clustering in the structured parts of DBPs and all human proteins set are very similar37. We 
have previously reported that the lengths and the net charges of the disordered tail are 
correlated with the efficiency of the DNA search (e.g., the ability of the tail to promote 
sliding or jumping between different stretches of DNA).  

The analysis of PTM sites on disordered tails (Figs. 1A and 1B) shows that the tails 
of DBPs are richer in acetylation and phosphorylation sites than the corresponding tails of 
non-DBPs. The occurrence of acetylation and phosphorylation sites on DBP tails is similar 
to that in any disordered protein region, indicating that most of the modification sites are 
located at the tails (Fig. 1). In the non-DBPs, most acetylation and phosphorylation sites are 
located at structured sites, and when they are located at disordered regions these may be 
tails or other disordered regions (e.g., internal loops).   

Since the interactions of the disordered tails with DNA are governed by the number 
of positive and negative charges on the tail and their organization, one must also 
characterize how many acetylation and phosphorylation sites there are in the tails of DBPs 
and non-DBPs. The average number of acetylation sites is 3.1 ± 0.2 on the tails of DBPs and 
0.6 ± 0.1 on the tails of non-DBPs. On the globular parts of DBPs and non-DBPs, the average 
numbers of acetylation sites are 1.8 ± 0.2 and 1.6 ± 0.2, respectively (Fig. 3). The trend 
remains when the number of modification sites is normalized by the length of the domain 
(or by the disordered tail of the globular domain). Thus, the acetylation density is much 
higher in the tails of DBPs than in the tails of non-DBPs and the density is lower and very 
similar in the globular domains of DBPs and non-DBPs (Fig. 3a and 3c (inserts)).    



Similarly to acetylation, phosphorylation is ubiquitous on disordered tails and there 
are DBPs with even 10 phosphorylation sites in the tail. However, the occurrence of 
phosphorylation in the disordered tails of DBPs is very similar to that in non-DBPs (the 
average numbers of phosphorylation sites in the tails of DBPs and non-DBPs are 2.0 ± 0.2 
and 1.7 ± 0.1, respectively). The occurrence of phosphorylation sites in the globular part of 
DBPs and non-DBPs is similar and resembles that found in the tail sub-domains.   

Clearly, the number of acetylation and phosphorylation sites in the disordered tail 
provides only partial information about the potency of the PTMs to modulate function (e.g., 
to affect the interaction with DNA). It is important to quantify how the modifications 
communicate with the charged residues of the disordered region. The location of 
acetylation disrupts charge clustering patterns in a way that not only reduces the net 
charge but also reduces the local charge density in some regions of the tail more than in 
other regions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Analysis of the properties of the disordered tails of DNA-binding proteins in the 
human genome. A). A schematic illustration of the disordered tail (in orange) of a DNA-binding 
protein. The tail can interact either non-specifically or specifically with DNA and affect various 
biophysical properties of the interaction. The sequence of the C-tail of p53 is shown as an example 
with the positively and negatively charged residues shown in blue and red, respectively. Acetylation 
sites (green arrows) and phosphorylation sites (red arrow) are shown as well. B). Histograms of tail 
lengths in human DNA-binding proteins (DBPs; a total of 864 proteins) and in all human proteins 
(which total 20,334 proteins). A tail is defined as a disordered region predicted by IUPred. C). 
Distribution of the positive charge density in the tails of DBPs.  

To illustrate the importance of the location of the PTMs, we focus on the disordered 
C-terminus of p53, which is positively charged and thus strongly interacts with DNA and 
can affect sliding features very significantly. Recent single-molecule experiments 40 and a 
coarse-grained simulation study 41 showed that the C-tails of p53 increase its sliding speed 
along DNA. The C-tail of p53 protein undergoes several covalent modifications 22, 42 (Fig. 2) 
23, 24. Dynamic p53 acetylation and deacetylation events were observed in response to DNA 

 



damage 25. The acetylation events within the C-tail significantly enhance site-specific DNA-
binding activity 25, 43. Moreover, C-tail acetylation levels are well correlated with p53-
mediated activation in vivo 25. Phosphorylation of the C-tail positively regulates DNA 
binding and tetramerization of p53 26. The C-tail of p53 can undergo acetylation at 5 
different sites and this can affect the number of clusters of consecutive charges and the 
local effective charge along the tail. The single phosphorylation site on the C-tail is isolated 
from the acetylation sites and apparently does not interfere with them and its effect is to 
increase the negative charges at the end of the C-tail.  

We propose that acetylation may directly modulate DNA-binding while 
phosphorylation may indirectly influence attraction to DNA for example, via intra- or inter-
molecular protein-protein interactions. The different biological functions of acetylation and 
phosphorylation may explain the different occurrence of these PTMs in DBPs and non-
DBPs. While phosphorylation, which serves in protein function and interactions, is 
abundant in the tails of all proteins, acetylation, which modulates DNA-binding, is highly 
pronounced in the tails of DBPs. 

 
 
 
 
 

 

 

 

 

 

 

 

 
 
 
Fig. 3. Bioinformatic analysis of acetylation and phosphorylation on DNA-binding proteins 
(DBPs). A and B) The number of acetylation (A) and phosphorylation (B) sites on the disordered 
tails of DBPs (red and green, respectively) and non-DBPs (blue and gray, respectively). The insets 
indicate the density of acetylation and phosphorylation sites (i.e., the number of sites normalized by 
the length of the tail sub-domain). C and D). Similar to A and D but for the globular domains of DBPs 
and non-DBPs, respectively.   

 



3.3. The interplay between post-translational modifications of disordered tails 

In many cases, several modifications are needed to achieve the required effect. For 
example, the 31- and 40-residue long C-tails of p53 and H3 histone tail involve 6 
modifications (5 acetylations and a single phosphorylation) and 10 modifications (5 
acetylations, 6 methylations, and 3 phosphorylations)44, respectively. Various types of 
cross-talks may come into play between different PTMs. Some modifications require the 
existence of other modifications. In some cases, two PTMs may compete for the same 
modification site so that the timing of the effect of one PTM is determined by the removal of 
the other PTM. In other cases, the effects of multiple PTMs accumulate when the level of 
modification is incrementally changed. The latter scenario suggests that each PTM may not 
be sufficient to achieve the needed outcome alone but that several PTMs of the same type 
gradually achieve the required outcome. 

A gradual change by successive PTMs was reported for the Ets-1 transcription 
factor, whereby gradual phosphorylation of its disordered tail results in gradual 
attenuation of its binding affinity to DNA. This ability to gradually tune the binding affinity 
was viewed as an "incremental rheostat" rather than as a switch on/off by the 
modifications45. It was shown for Ets-1 that phosphorylation of its disorder tail interferes 
with formation of intramolecular interactions, which results in a lower binding affinity to 
DNA38, 45. The five phosphorylation events on the disordered tail of Ets-1 were reported to 
attenuate affinity to DNA not by directly affecting its interactions with DNA but by 
modulating its internal flexibility. Nevertheless, it is likely that the phosphorylated tail 
interacts directly with non-specific DNA. Here, we followed this scenario and studied the 
non-specific interactions of the Ets-1 transcription factor with a disordered tail in which 
different numbers of phosphorylation sites were phosphorylated. 

 
 
 
 
 
 

 
 
 
 
 
Fig. 4. The effect of incremental phosphorylation on non-specific protein–DNA interactions. 
A). The Ets-1 transcription factor includes a long disordered region with five phosphorylation sites 
that were found to attenuate specific binding to DNA indirectly by affecting internal protein 
dynamics so as to weaken specific affinity. The disordered tail can also interact directly with DNA 
and the strength of the interaction might be dependent on the degree of phosphorylation. B). The 
populations of 3D diffusion for 10 variants of Ets-1 as a function of salt concentration indicate a 
clear linkage between the number of phosphorylations and the salt concentration needed to detach 
the protein from the DNA to the bulk. As phosphorylation sites are mutated, a higher salt 
concentration is needed to populate the 3D search (at the expense of linear diffusion). 

 



Phosphorylation of the disordered tail of the Ets-1 transcription factor results in 
weaker non-specific binding to DNA. This weaker binding is reflected in the lower salt 
concentration needed to detach the protein from the DNA and to switch from DNA search 
via linear diffusion to 3D diffusion (Fig. 4). The attraction of the folded part of Ets-1 to the 
DNA is gradually attenuated as the level of phosphorylation increases (namely, gradually 
mutating the phosphorylation sites results in search characteristics that are more similar 
to that of Ets-1 with a truncated disordered tail). Interestingly, similarly to the gradual and 
indirect effect of phosphorylation on specific binding that arises from modulating the 
internal protein dynamics, our results suggest that phosphorylating the disordered tail may 
directly perturb nonspecific binding to DNA.          

4. Conclusions 

PTMs, which are widely used by the cell to increase the structural and biochemical 
diversity of proteins, often take place at intrinsically disordered sites. These disordered 
regions, particularly at the protein termini (namely, tails), are more abundant in DNA-
binding proteins than in other proteins and serve as potential sites for PTMs. In this study, 
we analyzed the occurrence of acetylation and phosphorylation in human DBPs in 
comparison to non-DBPs at disordered versus ordered sites. There is a strong preference 
for acetylation to occur at either disordered sites or in the tail regions of DBPs while in 
non-DBPs an opposite trend is seen in which acetylation sites are mostly located in 
structured regions. With respect to phosphorylation, there is general tendency to find 
phosphorylated Ser and Thr in disordered regions, irrespective of whether the protein 
binds DNA or not. However, the occurrence of phosphorylation sites in disordered sites is 
still higher for DBPs than for non-DBPs. While both PTMs have similar effect of reducing 
the net charge, phophorylation is known to be important in protein activation and protein-
protein interaction and acetylation is thought to modulate DNA binding such as serving as 
primary device of basic chromatin modification leading to transcription activation. The 
difference between the two PTMs may explain the widespread occurrence of 
phosphorylation in the disordered regions of all human proteins, and the high occurrence 
of acetylation sites mainly in tails of DBPs, where the acetylation primarily affect the 
protein-DNA binding.  

Both acetylation and phosphorylation decrease the number of positive charges (by 
masking the positive charge of Lys in acetylation and introducing a negative charge on 
either Ser, Thr, or Tyr in phosphorylation). Clearly, tuning the positive potential of the 
protein will affect association with DNA. This tuning can be achieved in principle on either 
the ordered or disordered subdomains of DBPs. The observation that most acetylation and 
phosphorylation sites in DBPs are located in the tails provides additional evidence for the 
role of the tail as an affinity tuner for interactions with DNA that can be modulated by 
PTMs37. 

PTMs may exert a complex effect when they occur at multiple sites. In some cases, 
the effects of PTMs accumulate additively to regulate an outcome in a graded manner (e.g., 
the regulation of DNA-binding affinity in a progressive manner by multiple 



phosphorylations of the Ets-1 transcription protein45). One can easily envision cases in 
which the effect of multiple PTMs at disordered region will not be simply additive but will 
depend on the local environment of each PTM.  

Acetylation and phosphorylation affect the composition of the charges of the 
disordered tail. The global and local changes in the net charge of the disordered tail may 
directly affect not only its attraction to nonspecific DNA, but also the internal properties of 
the tail itself (such as its conformational preferences). Recent findings call for a clear 
linkage between the degree of structure of intrinsically disordered proteins and the charge 
content 10, 46-48. The effect of the PTMs on the conformational ensemble of the disordered 
region may depend both on the net charges and on how they communicate with the 
original charges in the sequence and thus the local effective charges. Our future goals are to 
characterize the effect of the PTMs on the charge pattern of the disordered tails and to 
analyze the evolutionary conservation of the PTMs sites on tails. 

In summary, the disordered regions and particularly disordered tails of DBPs have 
important features that allow them to modulate interactions with DNA. Some of these 
features can be manipulated in an incremental manner by PTMs that gradually shift the 
composition and distribution of charges and consequently fine tune the strength of 
protein–DNA interactions but in others the cross-talks between the different PTMs sites 
might be more complex. 
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