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ABSTRACT: Many human proteins possess intrinsically 
disordered regions containing consecutive aspartate or 
glutamate residues (‘D/E repeats’). Approximately a half 
of them are DNA/RNA-binding proteins. In this study, 
using nuclear magnetic resonance (NMR) spectroscopy, 
we investigated the electrostatic properties of D/E repeats 
and their influence on folded domains within the same 
protein. Local electrostatic potentials were directly 
measured for the HMGB1 protein, its isolated D/E 
repeats, and the DNA-binding domains by NMR. The 
data provide quantitative information about the 
electrostatic interactions between distinct segments of 
HMGB1. Due to the interactions between the D/E repeats 
and the DNA-binding domains, local electrostatic 
potentials of the DNA-binding domains within the full-
length HMGB1 protein were largely negative despite the 
presence of many positively charged residues. Our NMR 
data on counterions and electrostatic potentials show that 
the D/E repeats and DNA have similar electrostatic 
properties and compete for the DNA-binding domains. 
The competition promotes dissociation of the protein-
DNA complex and influences the molecular behavior of 
the HMGB1 protein. These effects may be general among 
the DNA/RNA-binding proteins with D/E repeats. 

Hundreds of human proteins have low-complexity 
sequences of consecutive aspartate (D) or glutamate (E) 
residues, which are referred to as D/E repeats (examples 
shown in Figure 1A).1,2 Approximately 50% of proteins 
containing D/E repeats are DNA/RNA-binding proteins. 
For some of them, the D/E repeats interact with the DNA 
-binding domains within the same polypeptide chain and 
diminish the association with DNA, causing 
autoinhibition.3-8 Other D/E repeats can exhibit 
chaperone-like activity.9,10 Currently, however, very little 
is known about the physicochemical properties of D/E 
repeats. In this paper, using NMR spectroscopy, we 
demonstrate that D/E repeats have electrostatic properties 
similar to those of DNA and electrostatically influence the 

DNA-binding domains via intramolecular interactions, 
competing with DNA.  
We first investigated the electrostatic properties of the 31-
residue peptide containing D/E repeats of 30 residues that 
correspond to the C-terminal tail (residues 186-215) of 
the human HMGB1 protein. We referred to this peptide 
as DERT30. Figure 1B shows 1H-15N heteronuclear 
HISQC11 and direct 13C-detected CON12 spectra recorded 
for 13C/15N-labeled DERT30. Despite the low complexity 
of its sequence, many cross peaks in these spectra were 
well isolated owing to sharp15N and 13C=O resonances of 
the IDR. Through direct 13C-detected13 and 1H-detected14 
NMR experiments, we assigned each isolated signal from 
the D/E repeats (see Figures S1-S2 and Materials and 
Methods described in the Supporting Information [SI]). 
Negative heteronuclear [1H-]15N NOE values (Figure 1C) 
and small 15N chemical shift anisotropy (CSA) / 15N-1H 
dipole-dipole (DD) cross-correlation rates (Figure S3) for 
backbone NH groups15 clearly indicate that D/E repeats 
are structurally disordered. 
Using NMR data of solvent paramagnetic relaxation 
enhancement (PRE) arising from aminomethyl-PROXYL 
(charge, +1e) and carbamoyl-PROXYL (neutral) as 
paramagnetic cosolutes, we measured effective near-
surface electrostatic potentials ENS around DERT30. 
Since our group developed the NMR method to measure 
ENS potentials in 2021,16 we and others have applied it to 
various biomolecules, as recently reviewed.17 In the 
current study, we measured the solvent PRE 2 rates on 
backbone 1H nuclei (Figure S4) to determine ENS 
potentials. We analyzed data for 1H nuclei instead of 1HN 
nuclei because backbone amide groups of a disordered 
polypeptide at neutral pH typically undergo rapid 
hydrogen exchange,18 which may adversely impact 
solvent PRE rates (2). Figure 1D shows the effective 
near-surface electrostatic potentials ENS determined from 
the solvent PRE data. Interestingly, the overall magnitude 
of the negative potentials for the D/E repeat was even 
larger than that of potentials previously measured for the 
15-bp DNA19 under the same conditions.



 

 

Figure 1. NMR of D/E repeats. (A) Examples of D/E repeats in human proteins. A complete list of D/E repeats (10 consecutive 
residues or longer) in human proteins is given as Table S1. (B) 1H-15N HISQC and 13C-detected CON spectra recorded for 
13C/15N-labeled DERT30 in a buffer of 20 mM Tris•acetate (pH 7.5), 100 mM NaCl, and 5% D2O at 25˚C. Annotations indicate 
15N resonance assignment. (C) [1H-] 15N heteronuclear NOE20 measured for DERT30 NH groups at the 1H frequency of 750 
MHz. (D) Effective near-surface electrostatic potentials ENS measured using solvent PRE data for 1H nuclei. For comparison, 
the range of the ENS potentials that were previously measured for 15-bp DNA19 are indicated with the purple shade. 

  

Figure 2. Counterion condensation by the D/E repeats. (A) 
23Na NMR-based ion-counting data. The total 
concentrations of Na+ ions in DERT30 solutions were 
measured after equilibration with a buffer of 20 mM 
HEPES•NaOH (pH 7.5) with (square) and without 
(diamond) 100 mM NaCl. Due to the cations condensed 
around the negatively charged macromolecule, the total Na+ 
concentration in the solution is higher than the Na+ 
concentration in the original buffer, and the slope in the plot 
corresponds to the number of condensed cations Ncation.21 
(B) Apparent diffusion coefficients of Na+ ions at different 
concentrations of DERT30. The diffusion coefficient for Na+ 
ions condensed around DERT30 (Db) is also indicated. The 
diffusion coefficient for DERT30 itself is indicated in 
orange.  

The strong negative electrostatic potentials observed for 
the D/E repeats reflect their high negative charge density 
per molecular weight (-0.008e per dalton), which is larger 
than that for DNA (-0.003e per dalton). As described in 
the SI, through computation of Poisson-Boltzmann 

electrostatic potentials,22,23 we also predicted ENS 
potentials for structural models generated for DERT30 in 
various conformations: an -helix, a -strand, and 
random coils (Figure S5). The majority of experimental 
ENS potentials were within the range of values predicted 
for various random coil conformations but tended to be 
close to the largest magnitudes predicted. This may 
reflect known limitations of the Poisson-Boltzmann 
theory for highly charged systems.24,25  
For further investigation of the electrostatic properties of 
D/E repeats, we conducted 23Na NMR experiments as we 
previously described for DNA (see the SI for details).21 
The 23Na NMR data clearly indicated that D/E repeats 
condense as many counterions as DNA does (Figure 2A). 
Our 23Na diffusion data showed that diffusion of the 
condensed ions is only moderately slowed down by 
electrostatic attraction to the macromolecules, making the 
Db coefficient far greater than the diffusion coefficient of 
the macromolecules. Nonetheless, the diffusion 
coefficient Db for Na+ ions condensed around DERT30 
was close to that for those condensed around the 15-bp 
DNA (Figure 2B). These data suggest that D/E repeats 
and DNA have similar electrostatic properties. 
To gain insight into the electrostatic impact of D/E repeats 
on other regions of HMGB1, we measured effective near-
surface electrostatic potentials ENS for the full-length 
HMGB1 protein and the 30 variant lacking the D/E 
repeats. Figure 3 shows ENS potentials measured for 
these protein constructs of HMGB1. Due to severe 
overlapping and broadening of signals (Figure S6), we 
were unable to measure the ENS potentials for most 
residues of the D/E repeats in the full-length HMGB1 
protein. Nonetheless, many residues in the folded regions 
were analyzable. The profiles of ENS potentials were 
strikingly different between the full-length HMGB1 



 

protein and the 30 variant lacking the D/E repeats. Most 
residues of the DNA-binding domains exhibited positive 
potentials in the 30 variant. By contrast, the presence of 
the D/E repeats in the full-length protein caused negative 
ENS potentials for many residues. These results 
illuminate the strong electrostatic influence of the D/E 
repeats on the DNA-binding domains of HMGB1. 

 

Figure 3. Effective near-surface potentials ENS measured 
for the full-length HMGB1 protein (red) and the 30 variant 
lacking the D/E repeats (blue). Solvent PRE data used to 
determine the ENS potentials are shown in Figure S7.  

Through NMR experiments, we examined competition 
between D/E repeats and DNA for the DNA-binding 
domains. We recorded 1H-15N HISQC spectrum for the 
complex of 15N-labeled DERT30 and the unlabeled 30 
variant of HMGB1. Due to the interaction with the DNA-
binding domains, the spectrum recorded for the 15N-
labeled DERT30 was significantly different from the 
spectrum for the free state, but the signal dispersion 
remained poor (Figure 4A left). This suggests that the D/E 
repeats interacting with the 30 variant remain as a 
random coil, which is also supported by 13C chemical 
shifts (Figure S8). To examine competition between D/E 
repeats and DNA, we used a four-way junction DNA (32 
base pairs) named J1,26 which exhibits high affinities for 
the full-length HMGB18,27 and the 30 variant (the 
binding affinity data are shown in Figure S9). When 
unlabeled J1 was added to the solution of the complex of 
15N DERT30 and the unlabeled 30 variant, the signals 
from 15N-labeled DERT30 moved toward the chemical 
shifts for the free state (Figure 4A middle). These NMR 
data indicate that DNA and the D/E repeats compete for 
the DNA-binding domains of HMGB1. 
The molecular behavior of HMGB1 is significantly 
influenced by the competition between the D/E repeats 
and DNA. As shown in Figure 4B, the D/E repeats cause 
5-20-fold faster dissociation of HMGB1 from DNA, 
clearly interfering with the binding of the structured 
domains with DNA. The 30 variant lacking the D/E 
repeats exhibited a linear increase of the apparent rate 

constant for dissociation (koffapp) as a function of the 
unlabeled DNA concentration. On the contrary, the full-
length HMGB1 protein exhibited a decrease in koffapp. 
Both behaviors can be explained using the kinetic models 
described in SI Section 3 (see also Figure S12). The linear 
increase observed for 30 is indicative of the so-called 
intersegment transfer, whereby a protein transfers from 
one DNA to another through a transient intermediate 
bridging two DNA molecules.28-30 The bridging 
intermediate can be formed when one of the two DNA-
binding domains is dissociated from DNA and captures 
another DNA molecule. By contrast, the full-length 
protein did not show any sign of intersegment transfer. As 
schematically drawn in Figure 4B, the D/E repeats can 
engage the detached domain (A-box or B-box), thus 
precluding the formation of the bridging intermediate, 
and facilitate macroscopic dissociation of the protein 
from DNA.  

 

Figure 4. D/E repeats complete with DNA for the DNA-
binding domains of HMGB1. (A) Change of 1H-15N NMR 
spectra recorded for15N-labeled DERT30. The left panel 
shows overlaid spectra recorded for 30-bound (blue) and 
free (red) states of 15N DERT30 (0.2 mM). When the four-
way junction DNA J1 (32 base pairs) was added to the 
solution of the DERT30-30 complex, the NMR signals 
from DERT30 were found to shift toward those from the free 
state (right panel). Simulations of this effect using the Bloch-
McConnell equation are shown in Figure S10. (B) Apparent 
rate constant for dissociation (koff

app) of the full-length 
HMGB1 or its 30 variant protein from cisplatin-modified 
DNA. They were measured through stopped-flow 
fluorescence experiments in which the fluorescence 
anisotropy was monitored immediately after a solution of the 
complex (10 nM) of the protein and fluorescence-labeled 
DNA (20 base pairs) containing a site-specific modification 
by cisplatin was mixed with a solution of the same DNA with 
no fluorescence label (0.5-2.0 M) (Figure S11). The 
theoretical relationship between the apparent and intrinsic 



 

dissociation rate constants are described in the SI (see also 
Figure S12).  

Overall, our data suggest that despite the completely 
different chemical structures, D/E repeats can serve as 
DNA mimetic in terms of electrostatics and strongly 
influence the molecular properties of DNA-binding 
proteins. Our previous study showed that the intra-
molecular interactions between D/E repeats and the 
DNA-binding domains let the protein molecules avoid the 
distraction of non-target DNA and thereby accelerate the 
target search process.31 Because D/E repeats are 
conformationally more flexible than double-stranded 
DNA, electrostatic repulsive forces from DNA may 
induce conformational transitions of the proteins from an 
autoinhibited state to an uninhibited state, allowing the 
proteins to bind to DNA.31 Through a reverse process, 
D/E repeats can also promote dissociation of the protein 
from DNA (Figure 4B). In this manner, D/E repeats can 
mobilize the protein bound to DNA and facilitate 
translocation from one site to another. 
In conclusion, our current study shows that D/E repeats 
have DNA-like electrostatic properties and act as DNA 
mimicry that affects the molecular properties of a DNA-
binding protein. The direct measurement of electrostatic 
potentials by NMR reveals the electrostatic influence of 
the D/E repeats on the DNA-binding domains. The D/E 
repeats compete with DNA for the DNA-binding domains 
and facilitate dissociation of the protein from DNA. A 
similar mechanism might also work for RNA-binding 
proteins containing D/E repeats. It is likely that the 
approach using NMR-based measurement of electrostatic 
potentials will be useful for characterization of many 
other proteins containing intrinsically disordered regions 
(IDRs) and provide quantitative information about 
electrostatic interactions between IDRs and folded 
domains.  
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1. Materials and Methods  

Preparation of DERT30 

A pET50b-derivative plasmid containing a codon-optimized synthetic gene of the His6-
tagged SUMO-DERT30 fusion protein at NdeI/PacI sites was purchased from GenScript, Inc. The 
plasmid was used for transformation of the Escherichia coli strain BL21 (DE3). A transformed 
clone was cultured at 37˚C in a total of 2-L media containing 30 g/ml kanamycin (as the selection 
marker), 1 g/L 15NH4Cl (as the sole nitrogen source) and 2 g/L 13C-glucose (as the sole carbon 
source). When the optical density at 600 nm reached 0.8, expression of the His6-tagged SUMO-
DERT30 fusion protein was induced by adding 0.4 mM isopropyl -D-1-thiogalactopyranoside 
(IPTG). Immediately after the addition of IPTG, the culture temperature was changed to 18˚C and 
the culture was continued at this temperature for 16 hours. The cells were harvested through a 
centrifugation at 4,000  g and suspended in a ~80 ml buffer of 20 mM Tris•HCl, 1 mM EDTA, 
500 mM NaCl, 2 mM dithiothreitol (DTT) and 5% Glycerol at pH 7.5. The buffer also contained 
a Roche Complete protease inhibitors cocktail (2 tablets per 100 ml). The suspended cells were 
stored at -70˚C until use. For isolation of the His6-tagged SUMO-DERT30 fusion protein, the cells 
were defrosted and broken by sonication. After centrifugation of the lysate at 30,000  g for 20 
minutes at 4˚C, the supernatant was loaded onto a 20-ml His Prep FF column equilibrated with a 
buffer of 50 mM Tris•HCl, 500 mM NaCl, 5 mM imidazole and 5% Glycerol at pH7.5. The column 
was washed with 50 ml of a buffer of Tris•HCl, and then, the His6-tagged SUMO-DERT30 fusion 
protein was eluted by a gradient of 5-400 mM imidazole in a buffer of Tris•HCl. The isolated 
fusion protein was cleaved by the His6-tagged Ulp1c SUMO protease. To remove the protease and 
the resultant His6-SUMO tag, the reaction mixture was passed through a 20-ml His Prep FF column. 
The flow-through was collected and loaded onto a Resource-Q column equilibrated with a buffer 
of 50 mM Tris•HCl and 1 mM EDTA at pH7.5. DERT30 was eluted through a gradient of 0-1500 
mM NaCl in the same buffer. The peptide was quantified using UV absorbance at 280 nm along 
with the extinction coefficient of 1,490 M-1 cm-1, which was predicted by the ExPasy ProtParam 
server (https://web.expasy.org/cgi-bin/protparam). 

Preparation of HMGB1 and its 30 variant 

    15N-labeled HMGB1 and its 30 variant were expressed in Escherichia coli strain BL21 (DE3) 
and purified using ion-exchange and size-exclusion columns as previously described.1 The purified 
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proteins were lyophilized and kept at -20˚C until use. The HMGB1 and its 30 variant proteins 
were quantified using UV absorbance at 280 nm along with an extinction coefficient of 21,555 M-

1 cm-1, which was predicted by the ExPasy ProtParam server. 

Preparation of DNA 

 All DNA strands used in the current study were chemically synthesized and were purchased 
from Integrated DNA Technologies, Inc. The four-way junction DNA J1 was composed of four 
oligonucleotides designed by Kallenbach et al.2: J1A, CGCAATCCTGAGCACG; J1B, 
CGTGCTCACCGAATGC; J1C, GCATTCGGACTATGGC; and J1D, GCCATAGTGGATTGCG. 
The FAM moiety was attached to the 5’-terminus of the J1A strand during DNA synthesis. Each 
strand was purified using Mono-Q anion exchange chromatography.  After annealing of an 
equimolar mixture of the four strands, the four-way junction J1 was further purified by Mono-Q 
anion exchange chromatography. The 20-bp DNA with cisplatin modification was prepared as 
previously described.1 Briefly, a 20-mer DNA strand containing single GpG site 
(CTCTGGACCTTCCTTTCTTC; denoted GG20) was platinated by addition of activated cisplatin 
solution. The reaction product was purified by Resource-Q anion exchange chromatography. After 
annealing of complimentary strands, the duplex was further purified by Resource-Q column. For 
fluorescence studies, FAM was attached to the 5’-terminus of GG20. 
1H/13C/15N NMR resonance assignment 

The 1H,13C,15N resonances of the HMGB1 and 30 variant proteins under the current 
experimental conditions were previously assigned.3 The 1H, 13C, and 15N resonances of DERT30 
were assigned using a 520 l solution of 0.3 mM 13C/15N-labeled DERT30 in a buffer of 100 mM 
NaCl, 10 mM DMSO, 20 mM Tris•acetate, and 5% D2O at pH 7.5. An Amicon Ultra-4 device 
(Millipore) with a molecular weight cut-off at 3 kDa was used for concentrating and buffer 
equilibration. Although a slight leak of DERT30 was found due to its molecular weight (3.9 kDa) 
close to the cut-off, the vast majority remained in the upper compartment of the centrifugal filter. 
For the backbone 1H/13C/15N resonance assignment, 1H-15N HISQC, HNCO, HN(CA)CO, HNCA, 
HN(CO)CA, HN(COCA)HA, HN(COCA)CB, CON, CO(CA)N, and CA(CO)N spectra were 
recorded.4 In additional to a standard CON spectrum, Asp(D)/Asn(N)-selective and 
Glu(E)/Gln(Q)-selective CON spectra5 were also recorded to confirm amino-acid types.6 For the 
direct 13C-detected spectra, the virtual 13C-13C decoupling6 was used, and the obtained data were 
processed with the ‘splitcomb’ command of Bruker TopSpin software. Because the 15N chemical 
shift distribution of the D/E repeats is very narrow, a sufficiently high resolution in the 15N 
dimensions was achieved only through a non-constant-time type 15N chemical shift evolution 
schemes. To achieve a high resolution in the 13C dimension without causing splitting due to 13C-
13C couplings, 13C-decoupling 180˚ pulses were used in the 13C chemical shift evolution schemes. 
The heteronuclear correlation spectra were recorded at 25˚C using Bruker Avance III 800-MHz or 
750-MHz spectrometers equipped with a cryogenic TCI probe. NMR data were processed and 
analyzed with NMR-Pipe7 and NMRFAM-SPARKY8 programs. 
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NMR experiments to determine ENS potentials  

Four stock solutions of 1) 60 mM aminomethyl-PROXYL, 20 mM Tris•acetate, 10 mM 
DMSO, and 5% D2O at pH 7.5; 2) 50 mM carbamoyl-PROXYL, 20 mM Tris•acetate, 10 mM 
DMSO, and 5% D2O at pH 7.5; 3) 60 mM aminomethyl-PROXYL, 10 mM K•HPO4, 100 mM 
NaCl, and 5% D2O at pH 7.4 and 4) 50 mM carboxy-PROXYL, 10 mM K•HPO4, 100 mM NaCl, 
and 5% D2O at pH 7.4 were prepared prior to preparation of the paramagnetic samples of proteins. 
The concentrations of aminomethyl-PROXYL, carboxy-PROXYL and carbamoyl-PROXYL were 
measured as previously described.9 These stock solutions were mixed with a protein solution in 
the same buffer so that the desired concentration (20 mM) of the paramagnetic cosolute was 
achieved in the final protein solution without altering the buffer. The paramagnetic samples of 
DERT30 contained 0.4 mM 13C/15N DERT30, 20 mM Tris•acetate, 100 mM NaCl, 10 mM DMSO, 
5% D2O, and 20 mM aminomethyl-PROXYL or carbamoyl-PROXYL. The paramagnetic samples 
for the full-length HMGB1 protein or the 30 variant contained 0.4 mM 15N-labeled protein, 10 
mM potassium phosphate, 100 mM NaCl, and 5% D2O at pH 7.4 with 20mM aminomethyl-
PROXYL or carboxy-PROXYL, respectively.  

A Bruker Avance III 800-MHz spectrometer equipped with a cryogenic TCI cryoprobe was 
used to measure solvent PRE rates 2 for backbone 1H nuclei as described previously.9-10 The 
sample temperature was 25˚C. The effective near-surface electrostatic potential ENS was 
determined from the PRE data using:11 

 𝜙𝐸𝑁𝑆 =
𝑘𝐵𝑇

(𝑧𝑏−𝑧𝑎)𝑒
ln⁡(

Γ2,𝑎

Γ2,𝑏
)        [s1], 

where 2,a and 2,b are the solvent PRE rates for aminomethyl-PROXYL and carbamoyl-
PROXYL/carboxy-PROXYL, respectively; z is the valance of electric charge (z = 1 for 
aminomethyl-PROXYL; z = 0 for carbamoyl-PROXYL; and z = -1 for carboxy-PROXYL); e is 
the elementary electric charge; kB is the Boltzmann constant; and T is temperature. As previously 
described, the ENS potentials were determined only for 1H nuclei that satisfied the following 
criteria: 2,a > 3a; 2,b > 3b; and 2,a / 2,b > 3ratio, where a, b and ratio are the uncertainties 
in 2,a, 2,b, and 2,a/ 2,b. The uncertainties in ENS potentials were determined using:9 

 𝜎𝜙 =
𝑘𝐵𝑇

|𝑧𝑏−𝑧𝑎|𝑒
√(𝜎𝑎/Γ2,𝑎)2 + (𝜎𝑏/Γ2,𝑏)2       [s2]. 

MATLAB was used to calculate the ENS potentials and their uncertainties. 

Poisson-Boltzmann theory-based prediction for structure models 

  All model structures of the DERT30 peptide shown in Figure S5 were generated using the 
Xplor-NIH software.12 The -helix structure was generated through simulated annealing using 
backbone torsion angle restraints of  = -60 ± 10˚ and  = -50 ± 10˚ (through the ‘CDIH’ potential) 
and backbone hydrogen bond geometry restraints (through the ‘HBDA’ and ‘HBDB’ potentials13-

14) under the influence of the conformational database potential15. The extended -strand was 
generated through simulated annealing using torsion angle restraints of  = -140 ± 1˚ and  = 130 
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± 1˚ for backbone together under the influence of conformational database potentials. A total of 
200 random coil structures were generated through simulated annealing with a restraint on the 
radius of gyration (Rgyr)16 under the influence of the conformational database potential. An 
ensemble of 100 structures was generated using the setting of Rgyr = 15.0 Å, which is based on the 
empirical equation of Kohn et al. for random coils.17 Another ensemble of 100 structures was 
generated using Rgyr = 20.0 Å based on speculation that electrostatic repulsion between negatively 
charged side chains may significantly increase the radius of gyration. For each generated structure 
model, a PQR-format18 file containing the coordinates, the charge and the radius for each atom 
was created using a PDB2PQR program19. The charge and radius parameters of the AMBER force 
field were used. Nonlinear Poisson-Boltzmann equation-based electrostatic potentials at the ionic 
strength of 130 mM were computed for 3D lattice space with a grid interval of 0.5 Å using the 
APBS software20. The effective near-surface electrostatic potential was predicted using:9-11    

𝜙𝐸𝑁𝑆
𝑃𝐵 =

𝑘𝐵𝑇

(𝑧𝑏−𝑧𝑎)𝑒
ln (∑ 𝜌

𝑖
𝑟𝑖
−6

𝑖 exp[−
𝑧𝑎𝑒𝜙𝑖

𝑘𝐵𝑇
] ∑ 𝜌

𝑖
𝑟𝑖
−6

𝑖 exp[−
𝑧𝑏𝑒𝜙𝑖

𝑘𝐵𝑇
]⁄ )    [s3], 

in which i is the Poisson-Boltzmann electrostatic potential at the grid point i; ri is the distance 
from the 1H nucleus to the grid point i; and i is a factor that represents the accessibility of the grid 
point i and is either 1 (accessible) or 0 (inaccessible).  
23Na NMR-based quantification of counterions condensed around DERT30 

Ion-counting methods with buffer equilibration were originally developed by Herschlag and 
coworkers for quantification of counterions around nuclei acids using atomic emission 
spectroscopy21-23 and inductively coupled plasma mass spectrometry24-26. Recently, our group 
adopted the ion-counting methods for NMR spectroscopy and applied to 7Li+, 23Na+, 133Cs+, 15NH4+, 
and 13C acetate ions around biomolecules.27-30 We used 23Na NMR in the current study. To obtain 
the data on Na+ ions shown in Figure 2A, the DERT30 solutions were equilibrated with a buffer at 
pH 7.5 containing 20 mM Na+. This buffer, which contains Na+ as the sole cation, was prepared 
using 20 mM NaOH titrated with HEPES to adjust pH to 7.5.  This buffer preparation method was 
chosen to avoid any additional cations that would interfere with our NMR-based ion-counting 
experiments. The buffer equilibration was conducted using Amicon Ultra-4 centrifugal filters 
(molecular weight cutoff at 3 kDa) until the overall dilution factor exceeds 10,000. 23Na NMR 
experiments were conducted at 25˚C using a Bruker Avance III spectrometer with an Oxford 17.6-
T magnet, where 1H and 23Na resonance frequencies are 750 and 198 MHz, respectively, using a 
DiffBB probe of the broadband observation (BBO) configuration. In each NMR experiment, a 
coaxial NMR tube was used. The outer tube was a standard 5-mm NMR tube (Norell, Part# S-5-
600-7) and the inner tube was a coaxial 2-mm stem insert (Norell, Part# NI5CCI-B). The outer 
tube contained a 380-l DERT30 solution, whereas the inner tube contained a reference solution. 
The reference solution for the 23Na NMR experiments was 300 mM NaOH, 20% H2SO4, and 80% 
D2O. The reference solution was designed to produce a 23Na+ NMR signal at a position different 
from the position of the NMR signal from the cations in the DERT30 solution. 23Na chemical shifts 
were referenced to the 23Na signal from the reference solution in the coaxial inner tube (-1.857 
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ppm with respect to 0.1 M NaCl in D2O). The intensity ratio for the two signals was used to 
quantify cations in the solutions in the outer tube (see below). Another advantage of the use of 
coaxial tubes is that the annular geometry of the outer-tube liquid suppresses convection that may 
adversely impact diffusion measurements.31  

The total concentration of Na+ ions ([Na+]total), including those in the free and DERT30-
bound states, in each DERT30 solution after buffer equilibration was determined from the ratio of 
the integral of the 23Na NMR signal from the DERT30 solution to the integral of that from the 
reference solution (r = I / Iref). The Na+ concentration in each sample was calculated as [Na+]buffer 
 rsample / rbuffer, where [Na+]buffer is the Na+ concentration in the buffer (i.e., 20 mM) used for the 
equilibration process; rsample is the integral ratio for the DERT30 solution sample; and rbuffer is the 
integral ratio for the buffer.28 Because variations in thickness of the coaxial stem-insert glass wall 
can cause variation in the reference intensity, an identical coaxial stem-insert containing the 
reference solution was used for all samples of the same series. The dependence of [M+]total on the 
DERT30 concentration (CD) was analyzed using:28 

[Na+]total = [Na+]buffer + aCD        [s4]. 

In Eq. s4, the parameter a corresponds to the ion excess Ncation in the main text and was 
determined as the slope in the linear regression for the CD-dependent [Na+]total data (Figure 2A). 
23Na diffusion experiments 

We conducted 23Na diffusion NMR experiments as described in our previous study on Na+ 
ions around DNA. To obtain the Na+ diffusion data shown in Figure 2B, the stimulated echo with 
bipolar pulsed-gradient pair-longitudinal Eddy-current delay (BPP-LED) pulse sequence32 was 
applied to 23Na nuclei using Bruker’s standard pulse program (‘stebpgp1s’). In the 23Na diffusion 
NMR experiment, the magnetic field gradients were varied with 11 different strengths (i.e., 13.6, 
38.0, 62.4, 86.9, 111.3, 135.7, 160.1, 184.6, 209.0, 233.5, and 257.9 gauss/cm). The self-diffusion 
coefficient of liquid N,N-dimethylformamide at 25˚C was used to calibrate the pulsed field 
gradient (PFG) strengths.33 Each PFG in the BPP schemes was 1.0 ms. The delay  between the 
beginnings of the first and second BPP schemes was 20 ms in the 23Na diffusion measurements. 
To determine the apparent diffusion coefficient D for each sample, the following equation was 
used for nonlinear least-squares fitting for the signal intensity I:34 

𝐼 = 𝐼0 exp [−𝐷𝛾
2𝑔2𝛿2 (Δ −

𝛿

3
−

𝜏

2
)]        [s5], 

in which , the 23Na nuclear gyromagnetic ratio; g, the PFG strength; , the total length of a pair 
of bipolar PFGs; and , the time between two gradients in each spin echo. The 23Na BPP-LED data 
were processed and analyzed using Bruker TopSpin software.  

The apparent diffusion coefficient (Dapp) of Na+ ions was measured for the solutions of 
DERT30 at varied concentrations. The following equation for fast exchange systems27 was used to 
analyze the Dapp data:28 

 Dapp = pfDf + pbDb = Df + (Db – Df) aCD / ([Na+]buffer + aCD)    [s6], 
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where Df and Db are the diffusion coefficients for cations in the free state and those within the ion 
atmosphere, respectively. The parameter a in Eq. s6 is identical to that in Eq. s4 and was 
experimentally determined. The diffusion coefficient Db for cations within the ion atmosphere was 
determined from the Dapp coefficients through nonlinear least-squares fitting with Eq. s6 using the 
MATLAB software. 

Measurement of binding affinity for four-way junction DNA  
The binding affinity of the HMGB1 30 variant protein for the four-way junction DNA J1 

was measured using fluorescence-labeled J1 in which one of the four strands was labeled with 
fluorescein amidite (FAM). FAM fluorescence anisotropy was measured with an ISS PC-1 
spectrofluorometer using an excitation wavelength of 490 nm and an emission wavelength of 521 
nm at 25°C. The binding assays for FAM-labeled four-way junction was conducted in a buffer of 
10mM potassium phosphate (pH 7.4) and 150 mM NaCl. The concentration of FAM-labeled DNA 
was 4 nM. The dissociation constant Kd was determined from the anisotropy data using MATLAB 
(MathWorks, Inc), as previously described 35. The binding affinity of full-length HMGB1 for the 
four-way junction DNA J1 was previously measured under the same conditions. The 
measurements of each dissociation constant Kd were triplicated. 

Stopped-flow kinetic experiments on dissociation of protein from DNA 
The dissociation kinetics were measured for the complexes with cisplatin-modified 20-bp 

DNA at 25°C using an Applied Photophysics SX20-LED stopped-flow spectrofluorometer. A 
polarized LED light with maximum intensity at 470 nm was used for excitation of the FAM 
fluorophore. The fluorescence anisotropy was measured in a real-time manner using two emission 
channels placed in a T-format configuration with a polarizer and a long-pass filter with a cutoff at 
515 nm for each. For each kinetic measurement, the following two solutions were rapidly mixed 
in a 1:1 volume ratio (80 l each) by the stopped-flow device: 1) a solution of a complex formed 
with 50 nM protein (either full-length HMGB1 or 30) and 10 nM FAM-labeled 20-bp DNA 
containing a cisplatin modification; and 2) a solution of varied concentrations (500-2000 nM) of 
the 20-bp cisplatin-modified DNA with no FAM label. Both solutions were in a buffer containing 
10 mM potassium phosphate (pH 7.4) and 100 mM NaCl.  Immediately after the flow for mixing 
had been stopped, the time course data of fluorescence anisotropy were collected for a period of 
up to 30 s with time intervals ranging from 0.001-0.01 s. For each condition, the measurement was 
replicated 8-10 times. The obtained anisotropy decay curves were fitted with a single-exponential 
function. The apparent dissociation rate constants obtained by the fitting were plotted against the 
concentration of unlabeled competitor DNA and fitted with a linear function. The slope 
corresponds to the rate constant for intersegment transfer. 
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2. Bloch-McConnell equation-based simulations of NMR experiments on 15N DERT30 
competing with DNA J1 for the 30 variant of HMGB1  

The system of 15N-labeled DERT30 in the presence of the 30 variant of HMGB1 (unlabeled) and 
DNA J1 (unlabeled) can be represented by the following scheme: 

A + L   AL           [s7] 

B + L   BL          [s8] 

where the molecules A and B compete for the ligand L, corresponding to DERT30, J1, and the 30, 
respectively. The equilibrium concentrations [A], [B], [L], [AL], and [BL] can be calculated from 
the total concentrations (Atot, Btot, and Ltot) and the dissociation constants (Kd,A and Kd,B) by solving 
the following simultaneous equations. 

[A] + [AL] = Atot         [s9] 

[B] + [BL] = Btot         [s10] 

[L] + [AL] + [BL] = Ltot        [s11] 

[A][L]/[AL] = Kd,A = koff,A/kon,A       [s12] 

[B][L]/[BL] = Kd,B = koff,B/kon,B       [s13] 

In Eqs. s12 and s13, kon and koff represent a second-order association rate constant and a first-order 
dissociation rate constant, respectively. The behavior of transverse magnetization of A can be 
described by the following Bloch-McConnell equation: 

𝑑

𝑑𝑡
𝐦 = (𝐊 − 𝐑+ 𝑖𝐖)𝐦        [s14], 

where m is a two-dimensional column vector with each element representing magnetization in a 
form of mx+imy for A and AL (i.e., free 15N DERT30 and ligand-bound 15N DERT30); K is a kinetic 
matrix; R is a relaxation matrix; and W is a chemical shift matrix, and i is the imaginary number. 
The matrices are given by: 

𝐊 = [
−𝑘𝑜𝑛,𝐴[L] 𝑘𝑜𝑓𝑓,𝐴
𝑘𝑜𝑛,𝐴[L] −𝑘𝑜𝑓𝑓,𝐴

]        [s15] 

𝐑 = [
𝑅2,𝐴 0

0 𝑅2,𝐴𝐿
]         [s16] 

𝐖 = [
Ω𝐴 0
0 Ω𝐴𝐿

]         [s17] 

The solution of Eq. s14 is given by: 

 𝐦(𝑡) = exp[(𝐊 − 𝐑 + 𝑖𝐖)𝑡]𝐦(0)       [s18] 

Fourier transformation of the sum of m(t) elements into a frequency domain gives an NMR 
spectrum.  

Using Eq. s9-s18, we simulated 15N NMR spectra for 15N DERT30 as a function of the 
concentration of DNA J1 (which corresponds to Btot in Eq. s10). The simulated spectra are shown 
in Figure S10.  
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3. Rate equation-based simulations of kinetic experiments shown in Figure 4B 

System involving dissociation and association processes 

In the stopped-flow experiments shown in Figure 4B, the system involves a protein (P), 
fluorescence-labeled DNA (Da), and unlabeled DNA (Db). The dissociation kinetics was analyzed 
by monitoring fluorescence immediately after a solution of P and Da, in which Da is predominantly 
in a bound state (PDa), was mixed with a high-concentration solution of Db (Figure S11). The 
protein transfers from Da to Db through dissociation (PDa → P + Da) and association (P + Db → 
PDb). The rate equations for this system are given as follows: 

𝑑

𝑑𝑡
[P] = −𝑘𝑜𝑛[P]([Da] + [Db]) + 𝑘𝑜𝑓𝑓([PDa] + [PDb])    [s19] 

𝑑

𝑑𝑡
[Da] = −𝑘𝑜𝑛[P][Da] + 𝑘𝑜𝑓𝑓[PDa]       [s20] 

𝑑

𝑑𝑡
[Db] = −𝑘𝑜𝑛[P][Db] + 𝑘𝑜𝑓𝑓[PDb]       [s21] 

𝑑

𝑑𝑡
[PDa] = 𝑘𝑜𝑛[P][Da] − 𝑘𝑜𝑓𝑓[PDa]       [s22] 

𝑑

𝑑𝑡
[PDb] = 𝑘𝑜𝑛[P][Db] − 𝑘𝑜𝑓𝑓[PDb]       [s23] 

An approximate analytical expression is useful to illustrate the meaning of the apparent rate 
constant from the stopped-flow experiment. Under the condition of [Da]total << [P]total << [Db]total, 
which is the case in our experiments for Figure 4B, the molecular processes involving [P], [Db], 
and [PDb] reach quasi-equilibrium before the system reaches the true equilibrium for all species. 
Using k’= kon[P], which is approximately constant due to this quasi-equilibrium, Eqs. s20 and s22 
can be approximated with: 

𝑑

𝑑𝑡
[Da] = −𝑘′[Da] + 𝑘𝑜𝑓𝑓[PDa]       [s20’]  

𝑑

𝑑𝑡
[PDa] = 𝑘′[Da] − 𝑘𝑜𝑓𝑓[PDa]       [s22’] 

This approximation leads to: 

 [Da](𝑡) =
𝐷𝑎,𝑡𝑜𝑡𝑘𝑜𝑓𝑓

𝑘𝑜𝑓𝑓+𝑘′
− (

𝐷𝑎,𝑡𝑜𝑡𝑘𝑜𝑓𝑓

𝑘𝑜𝑓𝑓+𝑘′
− [Da](0)) exp⁡[−(𝑘𝑜𝑓𝑓 + 𝑘′)𝑡]   [s24] 

 [PDa](𝑡) =
𝐷𝑎,𝑡𝑜𝑡𝑘

′

𝑘𝑜𝑓𝑓+𝑘′
+ (

𝐷𝑎,𝑡𝑜𝑡𝑘𝑜𝑓𝑓

𝑘𝑜𝑓𝑓+𝑘′
− [Da](0)) exp⁡[−(𝑘𝑜𝑓𝑓 + 𝑘′)𝑡]   [s25], 

where Da,tot is the total concentration of Da (i.e., [Da] + [PDa]). Since Eqs. s24 and s25 share the 
same exponential term, the time course of the ensemble average of fluorescence <F(t)> from Da 
and PDa in the stopped-flow fluorescence experiment will be in a form of: 

 < 𝐹(𝑡) >= 𝐴 + 𝐵 exp[−𝑘𝑜𝑓𝑓
𝑎𝑝𝑝

𝑡]        [s26], 

where the apparent rate constant 𝑘𝑜𝑓𝑓
𝑎𝑝𝑝 is given by: 
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 𝑘𝑜𝑓𝑓
𝑎𝑝𝑝 = 𝑘𝑜𝑓𝑓 + 𝑘′ = 𝑘𝑜𝑓𝑓(1 + 𝑃𝑞/𝐾𝑑) = 𝑘𝑜𝑓𝑓 (1 +

𝑃𝑡𝑜𝑡

𝐾𝑑+𝐷𝑏,𝑡𝑜𝑡
)   [s27]. 

In Eq. s27, Ptot is the total protein concentration; Db,tot is the total concentration of Db; and Pq is 
[P] at the quasi-equilibrium and is given by Pq = PtotKd/(Kd + Db,tot). When the second term of Eq. 
s27 is not negligible, 𝑘𝑜𝑓𝑓

𝑎𝑝𝑝 will decrease towards koff upon an increase in Db,tot (see Figure S12A). 

System involving dissociation, association, and intersegment transfer processes 

Some proteins can directly transfer from PDa to PDb through a process called intersegment 
transfer.36-38 In this process, a protein molecule transiently bridges two DNA molecules and 
transfers from one DNA to another without going through the intermediary of the free protein. 
Phenomenologically, intersegment transfer can be regarded as a second-order process involving a 
collision between a protein-DNA complex and free DNA.37,39 When this additional second-order 
process is present, the rate equations Eq. s19-s23 should be modified as follows. 

𝑑

𝑑𝑡
[P] = −𝑘𝑜𝑛[P]([Da] + [Db]) + 𝑘𝑜𝑓𝑓([PDa] + [PDb])   [s28] 

𝑑

𝑑𝑡
[Da] = −(𝑘𝑜𝑛[P] + 𝑘𝑖𝑡[𝑃𝐷𝑏])[Da] + (𝑘𝑜𝑓𝑓 + 𝑘𝑖𝑡[𝐷𝑏])[PDa]  [s29] 

𝑑

𝑑𝑡
[Db] = −(𝑘𝑜𝑛[P] + 𝑘𝑖𝑡[𝑃𝐷𝑎])[Db] + (𝑘𝑜𝑓𝑓 + 𝑘𝑖𝑡[𝐷𝑎])[PDb]  [s30] 

𝑑

𝑑𝑡
[PDa] = (𝑘𝑜𝑛[P] + 𝑘𝑖𝑡[𝑃𝐷𝑏])[Da] − (𝑘𝑜𝑓𝑓 + 𝑘𝑖𝑡[𝐷𝑏])[PDa]  [s31] 

𝑑

𝑑𝑡
[PDb] = (𝑘𝑜𝑛[P] + 𝑘𝑖𝑡[𝑃𝐷𝑎])[Db] − (𝑘𝑜𝑓𝑓 + 𝑘𝑖𝑡[𝐷𝑎])[PDb]  [s32], 

where kit is the second-order rate constant for intersegment transfer. As described above, under the 
condition of [Da]total << [P]total << [Db]total, the molecular processes involving [P], [Db], and [PDb] 
reach quasi-equilibrium before the system reaches the true equilibrium for all species. Thus, 
pseudo-first order approximation is applicable to Eqs. s29 and s31. As shown for Eqs. s20 and s22, 
the pseudo-first order approximation leads to an exponential function of <F(t)> in the form of Eq. 
s26, where the apparent rate constant  𝑘𝑜𝑓𝑓

𝑎𝑝𝑝   is given by: 

𝑘𝑜𝑓𝑓
𝑎𝑝𝑝 = 𝑘𝑜𝑓𝑓 (1 +

𝑃𝑡𝑜𝑡

𝐾𝑑+𝐷𝑏,𝑡𝑜𝑡
) + 𝑘𝑖𝑡𝐷𝑏,𝑡𝑜𝑡     [s33]. 

When koff << kitDb,tot, the apparent rate constant 𝑘𝑜𝑓𝑓
𝑎𝑝𝑝 becomes a linear increasing function of Db,tot 

as seen for the data on the 30 variant of HMGB1 in Figure 4B (see also Figure S12B).  
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Table S1. D/E repeats of 10 or more consecutive aspartate (D) or glutamate (E) residues in human 
proteins. DNA-binding or RNA-binding proteins (according to Gene Ontology annotations) are 
indicated in bold. The information was obtained from the UniProt database 
(https://www.uniprot.org/). 
 

Proteins    D/E repeats (residue numbers) 

ABCC9     951 EDEDEEEEEEEDEDD 965 

ACIN1   270 EEEEEEEEEEEEDDEEEE 287 

ADRA2B   298 EEEEEEEEEEEE 309 

AEBP2    37 EEEEEEEEEEEE 48 

AEBP2    95 EDEDEEEDDEEEEDE 109 

Afadin  1577 DEDDEEEEDDD 1587 

ALMS1       13 EEEEEEEEEEEEEEEE 28 

AMER1     376 DDDDEEEEEEEE 387 

ANAPC15    63 DDEEEEDDEDDED 75 

ANKRD17   117 EEEEDDDDEEEE 128 

ANKRD40    96 EEEDDDDDDDD 106 

Anoctamin-8  582 EEDEDDEEEEDEEEEEDEEE 601 

ANP32A   168 DDEEEDEDEEE 178 

ANP32A   187 EDEEDEDEEEE 197 

ANP32B   175 EDEEDEDDED 184 

ANP32B   219 DEEDEDEDEDEEEEE 233 

ANP32E   185 EEEEEEEEEEDEDEDEDEDE 204 

APBB1     158 EEEEEDDDDEEEEED 172 

APLP2   215 EEEEEDEEEEEEEDEEED 232 

ARID1B  1726 DDDEEDEEDEEED 1738 

ARID3A    148 EDEEEEEDEE 157 

ARID4B   279 EEEEEEEDDE 288 

ARID4B   543 EEEEEEEEEEEDEDDDD 559 

ARIH1       25 EEEEDEDDDE 34 

ARIH2     22 EEEEEEEEDD 31 

ARMC9    583 DDDEDEDDEED 593 

ARMH4    614 EDEDEEDEEDEDEEEEDEEEDEED 637 

ARX   232 EDEEDEDEEEE 242 

ASCC2    658 EEDDDDEEDD 667 

Asporin    38 DDDDDDDDDDDDDD 51 

ATAD2    258 EDEDDEDDDDDDDDDDDDDDEDDEDEED 285 

Atherin   329 EEEEDDDEDEDEEDD 343 

ATRX  1450 EEEEEEEEEEEEEEEDE 1466 

BAHCC1  1876 EEEEDEEEEEED 1887 

BAZ1B   1260 DEEEEEEEEEEEEED 1274 

BAZ2B   609 EDEEEDDEEEDEEDDEDDE 627 

BBX     41 EEEEEEDEEED 51 

BCL11A   484 DEEEEEDDEEEEEEEEEEEEE 504 

BCL11B   531 EEEDEEEEEEEEE 543 

BOD1L1  2987 DEEEEEEEEDE 2997 

BRD2    492 EEEEEEDEEDEEEEE 506 

BRG1   663 EEEEEEEEEE 672 

CACNA1D   827 EEEEEEEEDE 836 

CACNA1F   809 EEEEEEEEEEEEEEEEE 825 

CASQ2    373 EDDDEDDDDDD 383 

CASZ1  1690 EDDEDEDDDEDDDDEDDDEDDDDED 1714 

CCDC136    15 EEEEEEEEEEEE 26 

CCDC28B   141 EEEDDEEEED 150 

CDK11a   292 EEEEEEEEEEEEE 304 

CDK11a   312 EEEEEEEEEEEEE 324 

CDK11b   304 EEEEEEEEEEEEE 316 
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Figure S1. Sequential resonance assignment for the low-complexity sequence of DERT30. (A) 
13C connectivity through the HNCA and HN(CO)CA spectra. (B) Backbone 13C=O connectivity 
through the HN(CA)CO and HNCO spectra.  
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Figure S2. Direct 13C-detected CON spectra recorded with and without an amino-acid type-
selective filter5 for 13C,15N-labeled DERT30. (A) CON spectrum recorded without any amino-acid 
type-selective filter.  (B) Asp/Asn-selective CON spectrum. (C) Gln/Glu-selective CON spectrum. 
The annotations in Panels B and C indicate 13C=O assignment. Note that the annotations in Figure 
1B indicate 15N resonance assignment.  
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Figure S3. Transverse 15N CSA / 15N-1H DD cross-correlation rates40-42 measured for DERT30 
NH groups. The purple line indicates the theoretical values for a rigid system with a rotational 
correlation time of 2 ns and an NH order parameter of 0.9. The observed values of the cross-
correlation rates suggest the disordered nature of DERT30.  
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Figure S4.  Solvent PRE data for 1H nuclei of DERT30. 1H transverse PRE rates (2) measured 
for individual residues of DERT30 at 25˚C and the 1H frequency of 800 MHz in the presence of 
20 mM aminomethyl-PROXYL or 20 mM carbamoyl-PROXYL. The solvent PRE data for 
aminomethyl-PROXYL and carbamoyl-PROXYL are shown in blue and green, respectively.   
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Figure S5. Poisson-Boltzmann equation-based prediction of ENS potentials for structural models 
of DERT30. Predictions for an -helix (purple) and an extended -strand (orange), and 100 
random coils (green) are shown. For the random coils, the average values are indicated in the green 
solid line and the minimum and maximum values are indicated in the green dotted lines.  Structural 
models used to predict the ENS potentials around DERT30. (A, B) Results for the random-coil 
structure ensembles with a radius of gyration Rgyr = 15 Å (Panel A) or 20 Å (Panel B). The mean 
O-O distance between the closest carboxylate groups was 4.6 and 4.7 Å for the ensembles in Panel 
A and B, respectively. These O-O distances are shorter than the corresponding distance (5.7 Å) 
between closest phosphate groups (O1P or O2P atoms) in B-form DNA. (C) Isopotential maps of 
electrostatic potentials at -50, -25, and -10 mV computed for DERT30 adopting an -helix or -
strand structure and for 15-bp DNA. The electrostatic potentials were calculated using APBS20, 
and the isopotential contours were drawn with ChimeraX43.  
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Figure S6. 1H-15N TROSY spectra recorded at 25˚C for the full-length HMGB1 protein and the 
30 variant dissolved in a buffer of 10 mM potassium phosphate, 100 mM NaCl, and 5% D2O at 
pH 7.4. These proteins are in the oxidized form with the C23-C45 disulfide bond.3,44    
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Figure S7. Solvent PRE rates 2 measured for backbone 1HN nuclei of the full-length HMGB1 
protein (Panel A) and the 30 variant lacking the D/E repeats (Panel B). The paramagnetic cosolute 
was either 20 mM aminomethyl-PROXYL (blue) or 20 mM carboxy-PROXYL (red). 
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Figure S8. 13C chemical shifts of DERT30 in the free state (red diamonds) and in the complex 
with the 30 variant of HMGB1 (blue squares). The 13C chemical shifts were referenced to 
internal DSS. The differences between the two states are indicated by green bars. Note that the 
changes in 13C chemical shifts are small while changes in 1HN and 15N chemical shifts are large 
as shown in Figure 4A. These data show that DERT30 lacks secondary structures even when 
DERT30 is bound to 30.  
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Figure S9. Fluorescence anisotropy-based binding assay data used to determine the dissociation 
constants Kd of the full-length HMGB1 and 30 variant proteins for the FAM-labeled four-way 
junction DNA J1. The buffer conditions were 10mM potassium phosphate (pH 7.4) and 150 mM 
NaCl. The dissociation constants Kd for the full-length HMGB1 and 30 variant proteins were 180 
± 10 nM and 15 ± 2 nM, respectively. 
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Figure S10. Bloch-McConnell equation-based simulations of the NMR-based competition data 
shown in Figure 4A. In the scheme shown above, the molecules A, B, and L correspond to 15N-
labeled DERT30, unlabeled DNA J1, and unlabeled 30 protein. 15N NMR line shapes for 15N 
DERT30 were simulated using Eqs. s9-s18 together with Atot = [A]+[AL] = 200 M, Ltot = [L] + 
[AL] + [BL] = 200 M, |A – AL|/(2) = 25 Hz (based on the data shown in Figure 4A), R2,A = 
5 s-1, R2,AL = 8 s-1, Kd,B = 0.015 M (based on the results shown in Figure S9), and the indicated 
parameters. The simulations were performed using MATLAB scripts similar to those given in the 
Supporting Information of Sahu and Iwahara.45 It should be noted that when the exchange between 
A and AL is in a fast exchange regime (e.g., with koff,A = 500 s-1), the apparent chemical shift of A 
(15N DERT30) depends on the total concentration of the competitor molecule B (DNA J1) 
regardless of the timescale of the exchange between B and BL.   
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Figure S11. Stopped-flow fluorescence time-course data on the kinetics of protein dissociation 
from cisplatin-modified 20-bp DNA (cisGG20). To measure the rate constants reported in Figure 
4B, a solution of a complex formed with 50 nM protein (either full-length HMGB1 or 30) and 
10 nM FAM-labeled cisGG20 was mixed with a solution of unlabeled cisGG20. Shown here are 
fluorescence time-course data from the stopped-flow experiments with 1.75 M unlabeled 
cisGG20. Because the dissociation kinetics of the full-length HMGB1 protein was remarkably 
faster, different time intervals were used for the two proteins.  The time intervals were 1 ms for the 
full-length HMGB1 protein and 10 ms for the 30 variant. Note that the time range is different for 
the two graphs. 
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Figure S12. Simulations of the apparent dissociate rate constants in the stopped-flow experiment. 
Panel A shows the simulations for systems involving dissociation and association, whereas Panel 
B shows the simulations for systems involving intersegment transfer in addition to dissociation 
and association. The red and blue curves were obtained using the time course obtained with the 
rate equations (Eqs. s19-s23 for A and Eqs. s28-s32 for B). The rate equations were numerically 
solved using an ordinary-differential-equations solver (‘ode23s’) of the MATLAB software. The 
gray dotted lines were obtained with the approximate analytical expression (Eq. s27 for A and Eq. 
s33 for B). Ptot = 50 nM, Da,tot = 10 nM, and kon = 1.2109 M-1 s-1 were used along with the values 
of koff, kit, and Db,tot indicated in the graphs.      
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