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Abstract

Tardigrades are extremophiles that withstand harsh environments through unique molecular 

strategies. One such strategy involves Damage Suppressor (Dsup), a protein shown to protect 

cells from radiation-induced DNA damage. Little is known about the biochemical and structural 

characteristics of Dsup that lead to DNA protection. To gain insight into the mechanism of 

DNA protection by Dsup, we examined its fundamental biochemical and structural properties 

using mass photometry, biolayer interferometry, small-angle X-ray scattering, and microfluidic 

modulation spectroscopy. We found that Dsup is largely intrinsically disordered and binds DNA 

with high affinity via a multi-valent interface. This interaction induced conformational changes 

in both Dsup and the DNA, suggesting a potential structural mechanism of its DNA protection 

ability. We propose that Dsup alters DNA structure, possibly by partially unwinding it, to reduce 

its susceptibility to damage. These findings offer new insights into how a disordered protein such 

as Dsup functions as radioprotectants in extreme environments.
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Introduction

Life has evolved a variety of mechanisms to cope with extreme environmental conditions. 

These mechanisms allow extremophiles, such as archaea and bacteria, to thrive in boiling 

hydrothermal vents and other organisms to survive arctic conditions. Tardigrades, which are 

microscopic invertebrates found in a wide range of environments, are one such extremophile 
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[1–3]. Tardigrades can survive extremes in temperatures from near absolute zero to over 

100 °C and immense pressures from zero to 1,200 atm [1–7]. Remarkably, tardigrades are 

also highly resistant to radiation, enduring doses as high as 4,000– 5,000 Gy [1,4–7] – 

approximately one thousand times more radiation than mammals can endure. One of the 

key adaptations of tardigrades is anhydrobiosis, a process in which nearly all intracellular 

water is removed, allowing survival in extreme environments [8]. While early studies 

suggested that desiccation alone was sufficient for radiation resistance, subsequent work 

has shown that some tardigrade species – particularly Ramazzottius varieornatus – are 

highly radiotolerant even in the hydrated state, suggesting the presence of other protective 

mechanisms [5–10]. This finding has sparked research into the cellular mechanisms that 

tardigrades use to protect against radiation.

Sequencing the R. varieornatus genome revealed the presence of a tardigrade-specific 

gene, which is essential for its extreme radiotolerance [9]. This gene encodes a protein 

that localizes to the nucleus and is predicted to be intrinsically disordered [9]. It was 

hypothesized that the extended and disordered nature of the protein is vital to its protective 

function. Thus, this protein was called Damage Suppressor (Dsup). Dsup possesses minimal 

homology to known proteins [9–11], and it binds to both free DNA and nucleosomes [12–

14].

Expression of Dsup in mammalian cells protects them against DNA damage induced by 

ionizing and ultraviolet radiation [9–13,15]. For example, HEK-293T cells expressing 

Dsup showed nearly 50% less DNA damage upon exposure to 10 Gy of X-ray radiation 

compared to cells lacking Dsup [9]. There is also significantly reduced DNA damage caused 

by hydrogen peroxide, a reactive oxygen species generated by ionizing radiation [9,11]. 

Furthermore, exposure to UV C radiation led to fewer cyclobutane pyrimidine dimers for 

cells expressing Dsup compared to cells lacking Dsup [15]. Despite these advances in our 

understanding of the function of Dsup, its precise mechanism for radiotolerance remains 

unclear. This is largely because many key biochemical properties of Dsup remain poorly 

understood. For example, there are no studies to our knowledge describing the oligomeric 

state, optimal DNA-ligand length, or structure–function relationships of Dsup.

To gain insight into the mechanism of DNA protection by Dsup, we examined its 

fundamental biochemical and structural properties using a combination of experimental 

and computational techniques. We found that Dsup predominantly exists as a monomer in 

solution and that it is largely disordered in the absence of DNA. In addition, Dsup binds 

both single-stranded and double-stranded DNA with high affinity. The affinity decreased 

for DNA ligands shorter than 30 bp, suggesting that the optimal length for DNA binding 

is approximately 30 or more bp. In addition, we showed that the central region of 

Dsup (residues 180–270) appears to be critical for achieving high-affinity DNA binding. 

Importantly, we found that Dsup becomes more structured when binding to DNA and this 

reduces the amount of base-pairing in the DNA. We propose that specific interactions with 

key Dsup residues alter the structure of the DNA and reduce the likelihood of damage.
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Materials and Methods

Protein expression and purification

Full-length Dsup (residues 1–445) was cloned into pET21b with a N-terminal 6xHis tag and 

C-terminal FLAG tag (Supplemental Figure S1). This plasmid (pKW805) was transformed 

into BL21 (DE3) pLysS, and the protein was over-expressed by growing cells at 18 °C 

overnight with 1 mM IPTG. Cells were lysed using a C3-Avestin Emulsiflex homogenizer 

in the presence of DNase, PMSF, and a Roche cOmplete Protease Inhibitor Cocktail. 

The protein was purified using a series of affinity chromatography and size-exclusion 

chromatography steps. All buffers used contain 150 mM HEPES, pH 7.6, 150 mM sodium 

chloride (unless specified otherwise), and 10 mM beta-mercaptoethanol. The cell lysate was 

cleared by centrifugation at 16,000 rpm for 1 h at 4 °C. The cleared lysate was loaded onto 

a 5 mL HisTrap HP Ni Sepharose HP column (Cytiva) and eluted using a linear gradient of 

100 mM–1.5 M imidazole. Next, fractions were combined and loaded onto a 5 mL HiTrap 

Heparin Sepharose HP column (Cytiva). Proteins were eluted using a linear gradient of 100 

mM–1.5 M sodium chloride. Finally, fractions were combined and loaded onto a HiLoad 

Superdex S200 size-exclusion chromatography (Cytiva). Size-exclusion utilized an isocratic 

buffer containing 25 mM arginine, 25 mM glutamic acid, and 10% glycerol. The purity of 

the protein was verified using SDS PAGE. Afterwards, the protein was flash frozen in liquid 

N2 and stored at −80 °C.

Additionally, several truncated forms of Dsup were over-expressed and purified as described 

above using plasmids pKW806 (residues 90–445), pKW807 (residues 180–445), pKW808 

(residues 270–445), pKW809 (residues 355–445), and pKW810 (residues 1–355).

Oligonucleotides

All oligonucleotides were purchased from Integrated DNA Technologies (IDT). Double-

stranded DNA (dsDNA) substrates of various lengths and with and without specific 

types of DNA damage were prepared for biolayer interferometry (BLI) and fluorescence 

assays. For BLI experiments, four non-damaged duplex DNA ligands of increasing length 

were used: a 20-mer, 30-mer, 40-mer, and 75-mer (Supplemental Table S1). The 20-

mer duplex was generated by annealing oligonucleotides 01 and 02; the 30-mer from 

03 and 04; the 40-mer from 05 and 06; and the 75-mer from 07 and 08. Additional 

dsDNA substrates containing different types of DNA damage were also prepared for BLI 

analysis. These included substrates with an 8-oxoguanine lesion (05 and 09), an apurinic 

(AP) site (05 and 10), and a single-nucleotide gap (05, 11, and 12). A separate DNA 

substrate containing 2-aminopurine (2-AP) was prepared for fluorescence spectroscopy 

experiments to monitor protein-induced conformational changes in DNA. This substrate was 

generated by annealing oligonucleotides 04 and 13. All duplexes were formed by mixing 

complementary oligonucleotides at 10 μM each in annealing buffer (10 mM Tris–HCl, pH 

7.5, 50 mM NaCl, 1 mM EDTA). The mixtures were heated to 95 °C for 5 min and then 

slowly cooled to room temperature over several hours to allow complete annealing.
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Mass photometry

A TwoMP Mass Photometer (Refeyn) was used to analyze the oligomeric state of Dsup. 

The protein was serially diluted in filtered PBS buffer to a final concentration of 80 nM, 

which was further diluted 4-fold to 20 nM on the instrument stage. The cover slides were 

High Precision Deckgläser No. 1.5H, 24 × 50 mm rectangle with a 170 ± 5 μm thickness. 

Sample were incubated at 22 °C for several minutes prior to the experiment. Detection 

and quantification were processed using the DiscoverMP software (Refeyn) as previously 

reported [16].

Small-angle X-ray scattering

Experimental small-angle X-ray scattering (SAXS) data were collected at the BioSAXS 

beamline at Oak Ridge National Laboratory. X-ray scattering was measured at a 

concentration of 0.05 mg/mL in buffer containing 50 mM HEPES, pH 7.7, 150 mM NaCl, 

10 mM β-mercaptoethanol, 25 mM L-glutamic acid, and 25 mM L-arginine. A buffer only 

control was used to subtract the baseline scattering. Finally, scattering data were processed 

using the RAW software suite [17]. Structural parameters including the radius of gyration 

(Rg) and the maximum particle dimension (Dmax) were obtained from the data using GNOM 

[18].

Brownian dynamics simulations

To examine the conformational dynamics of Dsup, we carried out coarse-grained Brownian 

dynamics (BD) simulations. An initial structural model of Dsup was produced using 

AlphaFold 3 [19]. This initial model, which was almost entirely disordered, was coarse-

grained as described previously [20–22]. Briefly, each residue in the initial model was 

replaced by one to four pseudo-atoms (coarse-grained beads), and ionizable groups were 

assigned a partial charge to reflect a pH equal to 8.0. The simulations were carried out 

using the uiowa_BD code as described previously [23–25]. Briefly, the time step for the 

simulations was 125 fs with a PDB file produced every 1 ns. Simulations were run in 

triplicate for a total of 10 μs per replicate with a snapshot (PDB file) generated every 1 

ns to generate final ensembles containing 10,000 structures each (30,000 structures total). 

For each structure in the ensemble, theoretical SAXS profiles were generated using the 

PDB2SAS tool from the ATSAS suite run through the RAW software interface [17]. This 

allowed us to plot the Rg and Dmax as a function of time and to generate the Rg and Dmax of 

the entire ensemble.

Biolayer interferometry

Biolayer interferometry (BLI) experiments were performed on an Octet RED96 instrument 

(ForteBio) at 25 °C using a 5-step protocol: equilibration, loading, baseline, association, 

and dissociation as described previously [26]. Briefly, Dsup protein was prepared in a 

BLI buffer containing 20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, and 0.05% 

Tween-20. Streptavidin biosensors were pre-soaked in buffer for at least 30 min before use. 

The biotinylated DNA ligands were loaded onto the sensors prior to association with Dsup. 

Titrations with seven Dsup concentrations were carried out at a fixed DNA concentration, 

with one sample serving as a reference without Dsup. Control experiments were performed 
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in which no DNA was loaded onto the sensors prior to analyte association. The control 

experiments with no DNA and the no-Dsup sample were applied as a double reference 

when analyzing the total binding data. Data were processed with the Data Analysis software 

(ForteBio) and analyzed using Prism 10 (GraphPad).

Microfluidic modulation spectroscopy

Infrared spectra of full-length Dsup (residues 1–445), a 40-mer double-stranded DNA 

ligand, and the Dsup–DNA complex were collected using the Aurora TX Microfluidic 

Modulation Spectroscopy system (RedShiftBio) [27,28]. Dsup–DNA complexes were 

prepared by incubating the full-length protein with annealed 40-mer dsDNA at a 1:1 M ratio 

for 30 min at room temperature. Prior to analysis, all samples were buffer-exchanged into a 

buffer containing 50 mM HEPES (pH 7.7), 150 mM NaCl, 10 mM β-mercaptoethanol, 25 

mM L-glutamic acid, 25 mM L-arginine, and 7.5% glycerol using Amicon Ultra centrifugal 

filters (Millipore).

Spectra were recorded at 25 °C in triplicate with real-time buffer reference subtraction 

against the matching buffer at a backing pressure between 17 and 18 psi with an average 

flow rate of 1 μL/s. Each measurement captured the full amide I band (1588–1765 cm−1) at 

1 cm−1 resolution. The inverse second derivative of the absorbance spectra was calculated 

to identify changes in secondary structure. Data normalization, baseline-correction, and 

spectral subtraction were performed using the delta analytics software (RedShiftBio) 

[27,28].

Fluorescence spectroscopy

Fluorescence spectroscopy experiments utilized a Cary Eclipse Fluorescence Spectrometer. 

The excitation wavelength was set to 303 nm, while the emission wavelength was set to 

370 nm. The excitation and emission slits were both set to 10 nm. Using the kinetics mode, 

488 μL of buffer (50 mM HEPES, pH 7.5, 150 mM NaCl) was placed into a 600 μL quartz 

cuvette. After zeroing for the buffer, 54 μL of DNA substrate (containing 2-aminopurine) 

was then added to the cuvette to reach a final concentration of 1 μM. Finally, either 60 μL 

of buffer or 60 μL of purified Dsup (4 μM final concentration) was added to the cuvette. The 

experiments were conducted in triplicate, and the fluorescence signal was normalized to the 

emission of the DNA substrate alone prior to the addition of buffer or protein.

Blue-Native PAGE

Blue-Native PAGE was conducted using an NativePAGE™ Novex® Bis-Tris gel system. 

Purified Dsup protein was diluted to five different concentrations: 0.005, 0.01, 0.025, 0.05, 

0.1 mg/mL (0.1, 0.2, 0.5, 1, 2 μM). A 15-well 3–12% Invitrogen commercial native gel 

was used. Wells were rinsed with MilliQ water, and subsequently three-times with dark 

blue cathode buffer (10 mL 20× NativePAGE running buffer, 10 mL of 20× Cathode 

buffer, and 180 mL of MilliQ water). Anode buffer was prepared by mixing 50 mL of 20× 

NativePAGE running buffer with 950 mL of MilliQ water. Both cathode and anode buffers 

were pre-chilled to 4 °C prior to electrophoresis. The gel was loaded with 10 μL of each 

sample. The gel was then run at 150 V for 75 min. Finally, the gel was fixed in a 40% 
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methanol and 10% acetic acid solution for 30 min. The gel was then de-stained with 8% 

acetic acid overnight.

Results

Oligomeric state of Dsup

To determine whether Dsup exists as a monomer or as higher-order oligomeric species in 

solution, we examined the oligomeric state of Dsup using mass photometry (Figure 1A) 

[16]. We found that approximately 90% of the protein has a molecular weight of 43 ± 6 

kDa, which corresponds to the mass of a monomer with its 6xHis and FLAG affinity tags 

(45 kDa). We also found that approximately 10% of the protein had a molecular weight 

of 91 ± 13 kDa, which corresponds to the mass of a dimer. This shows that at protein 

concentrations around 20 nM, Dsup exists predominantly as a monomer in solution with a 

small, but detectable amount of dimer present.

We next examine the oligomeric form of Dsup at higher protein concentrations ranging from 

0.1 to 2 μM using blue-native PAGE (Figure 1B). We found that nearly all of the Dsup 

protein has an electrophoretic mobility consistent with a monomer. The mass photometry 

and blue-native PAGE results both support the notion that Dsup is primarily a monomer in 

solution over a wide range of protein concentrations.

Overall structure of Dsup

To better understand the overall structure of Dsup in solution, we used a small-angle X-ray 

scattering (SAXS) (Figure 2). First, we obtained a scattering curve showing the intensity 

of X-ray scattering as a function of q, the radial distance from the center of the detector 

(Figure 2A). From this data, we generated a Guinier plot, which showed that Dsup is not 

prone to aggregation. Furthermore, we generated a pairwise distribution plot (P(r) plot), 

which showed that the radius of gyration (Rg) is 78 Å and the maximum particle dimension 

(Dmax) is 290 Å (Figure 2C). These Rg and Dmax values are significantly larger than 

expected for a globular protein with a mass of 45 kDa (which would be about 25 Å and 

80 Å, respectively). This implies that Dsup is a highly extended and potentially intrinsically 

disordered protein. To verify this, we generated a Kratky plot, which indicated that Dsup 

is indeed predominantly disordered, as indicated by the absence of a pronounced peak and 

failure to return to baseline at higher scattering vectors (Figure 2D).

Conformational flexibility of Dsup

The SAXS analysis showed that Dsup is highly extended and intrinsically disordered. This 

implies that Dsup possesses a high degree of conformational flexibility and samples an 

extremely large region of conformational space. To examine the conformational flexibility of 

Dsup, we carried out Brownian dynamics (BD) simulations of Dsup (Figure 3). We built an 

initial model of Dsup using AlphaFold 3, which was almost entirely disordered. This starting 

model had calculated Rg and Dmax values of 79 Å and 257 Å, respectively, which are very 

close to the experimentally determined Rg and Dmax values obtained from SAXS (78 Å and 

290 Å, respectively). We then ran coarse-grained BD simulations of the Dsup protein in 

triplicate. We obtained structural snapshots of Dsup every 1 ns over the duration of the 10 
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μs simulation. This generated an ensemble of 10,000 structural snapshots of Dsup for each 

replicate.

For each structural snapshot of Dsup, we calculated the Rg and Dmax values and graphed 

them as a function of simulation time (Figure 3A, B). These values fluctuated over the 

course of the simulations but did not show either an upward or a downward trend indicating 

that the simulations reached an equilibrium point and contained many energy-equivalent 

conformations. In addition, we created histograms of the Rg and Dmax values to better 

visualize the distribution of values (Figure 3C, D). To visualize these conformations, four 

sample snapshots representing the 20th, 40th, 60th, and 80th percentiles of the ensemble 

with respect to Rg are shown in Figure 3E. We finally determined the Rg and Dmax values for 

the entire ensemble of snapshots, which were 78 Å and 290 Å, respectively. The predicted 

scattering curve for the full ensemble agreed with the experimental scattering curve with a 

χ2 equal to 5.8. Ultimately, the full ensemble is consistent with both the mass photometry 

data and the SAXS analyses. Taken together, these data all show that Dsup is an intrinsically 

disordered protein with high conformational flexibility in solution.

DNA-binding affinity of Dsup

To determine the DNA-binding affinity of Dsup, we used biolayer interferometry (BLI). 

We immobilized a 30-mer double-stranded DNA molecule on the surface of the probe and 

added various concentrations of Dsup (0–100 nM) to the wells. We measured the response 

units of the association and dissociation phases as a function of time and determined the 

response units at equilibrium (Figure 4A). We then graphed the equilibrium response units 

as a function of Dsup concentration and obtained a Kd value of 3.1 ± 0.7 nM (Figure 4B, 

Supplemental Figure S2, Table 1). We also carried out similar experiments using a 30-mer 

single-stranded DNA molecule rather than a duplex molecule (Figure 4C). We found that the 

Kd for single-stranded DNA binding is 3.2 ± 0.8 nM (Figure 4D, Supplemental Figure S2, 

Table 1), which is identical to the Kd for double-stranded DNA binding.

Optimal DNA length for DNA binding

To determine the optimal DNA length of Dsup for binding double-stranded DNA, we 

determined the affinity of Dsup for binding double-stranded DNA molecules of various 

lengths (20-mer, 30-mer, 40-mer, and 75-mer) (Figure 5). The Kd values for binding the 

30-mer, 40-mer, and 75-mer were nearly the same, ranging from 1.5 to 3.1 nM. By contrast, 

the Kd for binding the 20-mer was an order-of-magnitude greater, 30 ± 8 nM (Figure 5, 

Supplemental Figure S3, Table 1). These findings suggest that the optimal DNA length of 

Dsup for DNA binding is approximately 30 or more bp.

Regions of Dsup important for DNA binding

To determine which regions of the Dsup protein contribute to DNA binding, we 

overexpressed and purified the C-terminal fragment (residues 355–445), previously 

suggested to be necessary and sufficient for DNA binding [10–12]. We used BLI to measure 

and compare the DNA binding affinities of full-length Dsup and this C-terminal fragment 

of Dsup. Whereas full-length Dsup binds a double-stranded 40-mer DNA with a Kd of 1.5 

± 0.2 nM, the C-terminal fragment of Dsup binds much weaker with a Kd of 3,300 ± 600 
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nM (Figure 6A, Supplemental Figure S4, Table 2). This implies that protein-DNA contacts 

outside the C-terminal region of Dsup are necessary for high-affinity DNA binding. To 

further examine the potential importance of the C-terminal region of Dsup for DNA binding, 

we produced another Dsup construct (residues 1–355), which lacked the C-terminal region. 

The protein construct lacking the C-terminal region bound DNA with a Kd of 490 ± 10 nM, 

which is 330-fold weaker than the binding of full-length Dsup and 7-fold stronger than the 

C-terminal region of Dsup alone (Figure 6B, Supplemental Figure S4). These results show 

that while the C-terminal region plays a role in DNA binding, this interaction is substantially 

enhanced by protein-DNA contacts outside of the C-terminal region of Dsup.

To identify regions outside the C-terminal region of Dsup that are important for high-affinity 

DNA binding, we generated a set of nested N-terminal truncations of Dsup and examined 

their DNA binding affinity using BLI (Figure 7, Supplemental Figure S5, Table 2). We 

found that the binding affinity for the DNA decreases only slightly when the first 90 or 

180 residues are deleted from the N-terminus. However, the DNA binding affinity decreases 

substantially, ~260-fold compared to full-length Dsup, upon deletion of the first 270 residues 

from the N-terminus. The binding affinity for this construct (residues 270–445) is ~9-fold 

greater than the C-terminal region alone. Taken together, these results imply that there are 

important protein-DNA contacts between residues 180 and 270 of Dsup that contribute to 

high-affinity DNA binding. There are additional, but less important, protein-DNA contacts 

between residues 270 and 355 of Dsup. This suggests a model in which Dsup binds through 

multivalent interactions to DNA across the entire C-terminal 60% of the protein (residues 

180–445).

Damaged DNA binding by Dsup

To determine whether Dsup binds damaged DNA with higher or lower affinity, we 

determined the Kd for Dsup binding a 40-mer double-stranded DNA molecule with a single 

8-oxoguanine (8-oxoG) lesion, which was equal to 4.3 nM (Figure 8, Supplemental Figure 

S6, Table 3). Similarly, the Kd for Dsup binding a 40-mer DNA with a single abasic site was 

equal to 3.6 nM, and the Kd for binding a DNA with a single 1-nucleotide gap was equal to 

7.8 nM (Figure 8, Supplemental Figure S6, Table 3). These values are nearly identical to the 

Kd value for the non-damaged 40-mer DNA, which was equal to 1.5 nM. This shows that 

Dsup binds non-damaged and damaged DNA with approximately the same affinity.

Conformational changes in Dsup and DNA upon binding

To determine whether Dsup or the DNA changes conformation upon complex formation, 

we utilized infrared (IR) spectroscopy to analyze the amide I band (wavenumber 1600–1700 

cm−1) of Dsup, DNA, and the Dsup-DNA complex. The amide I band, which primarily 

arises from carbonyl stretching vibrations within the protein backbone, provides detailed 

information regarding secondary structural elements in proteins [29,30]. Additionally, 

changes within this region can reflect variations in DNA base pairing, particularly shifts 

in the hydrogen bonding between guanine and cytosine bases [31,32]. We first collected IR 

absorbance spectra for full-length Dsup and a 40-mer dsDNA ligand alone (Figure 9A, C). 

We then calculated the inverse 2nd derivative for both spectra (Figure 9B, D). From this 

plot, we can calculate the relative abundance of each secondary structure component for 
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Dsup alone (Supplemental Figure S7). We found that the spectra of Dsup alone agree with 

our analysis of Dsup structure from SAXS and BD simulations. We found that at least 52 

± 9% of Dsup is disordered. In addition, the spectra for the DNA ligand alone confirm the 

presence of significant base pairing.

We next collected IR absorbance spectra for a 1:1 complex of Dsup and the DNA ligand. 

These data were compared to a theoretical spectrum, which was the sum of the spectra 

for Dsup alone and the DNA alone (Figure 10A). The theoretical spectrum represents 

the expected result if Dsup binding to DNA does not induce conformational changes in 

either the protein or the DNA. Therefore, differences between the experimental spectra and 

theoretical spectrum represent conformational changes in the protein or DNA upon binding. 

Thus, we compared the inverse second derivative of both the experimental and theoretical 

spectra (Figure 10B). We subtracted the experimental and theoretical spectra to determine 

if any conformational changes occurred as a result of complex formation (Figure 10C). 

We observed a significant loss in signal at 1,717 cm−1 indicating reduced base pairing 

between guanine and cytosine bases in the complex compared to DNA alone. Furthermore, 

we observed an increase in signal at 1,655 cm−1, indicating more α-helical content in the 

complex compared to Dsup alone. These findings show that Dsup becomes more structured, 

and that the DNA becomes more melted or unwound upon binding.

To provide further support for the notion that Dsup binding to DNA induces a 

conformational change in the DNA that leads to partial melting or unwinding, we carried out 

fluorescence experiments using a 30-mer double-stranded DNA molecule containing two 2-

aminopurines. The fluorescence of 2-aminopurine increases substantially upon DNA melting 

or unwinding [33–35]. We observed a significant increase in 2-aminopurine fluorescence 

upon Dsup binding compared to the negative control (Figure 11). Taken together, the IR 

spectroscopy and 2-aminopurine fluorescence results support the notion that the DNA is 

partially melted or unwound when Dsup binds.

Discussion

Tardigrades can survive in extreme environments including those with high levels of 

radiation [1–7]. In fact, tardigrades can endure radiation doses as high as 4,000–5,000 

Gy – approximately one thousand times more radiation than mammals can endure [4,7]. 

It was once believed that this resistance to radiation was due to the removal of nearly 

all intracellular water [36,37]. Recent work, however, has shown that some tardigrade 

species are highly radiotolerant even in the hydrated state. This suggested the presence 

of other protective mechanisms and led to the discovery of Dsup, a DNA-binding protein 

responsible for protecting the genomes of tardigrades from radiation-induced DNA damage 

[9]. Interestingly, expression of Dsup in human cells confers a significant amount of 

protection from radiation [9,15]. While it is known that Dsup localizes to the nucleus and 

binds both free DNA and nucleosomes, little is known about the mechanism by which Dsup 

protects DNA from radiation-induced damage [9,11]. Arguably, the primary reason for this 

lack of mechanistic knowledge arises because of a lack of understanding of the biochemical 

and structural properties of Dsup. The objective of the work described here is to gain new 
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insight into the mechanism of DNA protection by Dsup by characterizing its fundamental 

biochemical and structural properties.

In the present study, we showed using mass photometry and native PAGE that Dsup 

predominantly exists as a monomer in solution. Although some dimer was observed, there 

were not higher-order oligomeric species detectible under the experimental conditions. 

Previous studies showed that Dsup binds double-stranded DNA with moderate to high 

affinity, with Kd estimates in the 20–40 nM range [11]. Using BLI, we rigorously measured 

the binding affinity of Dsup for double-stranded DNA and found that the affinity is higher 

than previously estimated with a Kd equal to 3.1 nM. Surprisingly, we also made the novel 

discovery that Dsup binds single-stranded DNA and does so with approximately the same 

affinity with which it binds double-stranded DNA. Similarly, it binds to damaged DNA with 

the same affinity with which it binds non-damaged DNA.

Based on its amino acid sequence, Dsup is predicted to be an intrinsically disordered 

protein. Consistent with this, a recent study also reported a SAXS analyses of Dsup [38]. 

Our SAXS data is consistent with this recently reported SAXS data on Dsup collected in 

water, in 2.3 M urea, and in buffer with 2.3 M urea. It differs slightly from the recently 

reported SAXS data collected in buffer alone, which yielded an Rg equal to 60 Å and Dmax 

equal to 200 Å (compared to 78 Å and 290 Å, respectively, calculated from our data). 

While these values are smaller than the ones we calculated, they are clearly larger than ones 

expected for a folded, structured protein (25 Å and 80 Å, respectively) [39]. This slight 

discrepancy between the results reported here and those reported recently is likely due to 

the prior study using a slightly shorter Dsup construct (lacking the 10-residue FLAG tag), a 

different buffer (HEPES vs. PBS), and a different computational approach to calculating the 

Rg and Dmax values.

Our analyses, however, went significantly further in showing Dsup to be largely disordered. 

We combined the SAXS data with BD simulations using the full-ensemble method that 

we previously developed for describing intrinsically disordered proteins. In doing so, we 

generated an ensemble of 30,000 structures that when combined, agreed well with the 

experimental SAXS data including the fit of the scattering data (χ2 is 5.8), the Rg (78 

Å), and the Dmax value (290 Å). Examination of this ensemble showed the Dsup is 

indeed intrinsically disordered and possesses a high degree of conformational flexibility 

by sampling a wide range of conformational space.

Based on nuclear localization data, several groups have claimed that the C-terminal region of 

Dsup (residues 360–445) is both necessary and sufficient for DNA binding [9,10]. Thus, we 

used BLI to directly test this claim. We found that the C-terminal fragment (residues 355–

445) by itself binds DNA with 2,000-fold weaker affinity (Kd is 3 μM) than full-length Dsup 

binds DNA (Kd is 1.5 nM). This demonstrates that the C-terminal region is not sufficient 

for high affinity DNA binding. Similarly, we found that the N-terminal fragment (residues 

1–355) by itself binds DNA (Kd is 400 nM), albeit with 200-fold lower affinity relative to 

full-length Dsup. This demonstrates that the C-terminal region is not necessary for DNA 

binding. Moreover, we generated a set of N-terminal nested deletion mutants of Dsup to 

better define the regions of Dsup involved in DNA binding. We found that as longer protein 
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constructs are used, the binding affinity for DNA increases, until full binding affinity was 

achieved when at least 60% of the protein was present (residues 180–445). These studies 

suggest that the interactions between Dsup and DNA are multi-valent and involve multiple 

residues distributed throughout the C-terminal 60% of the protein.

One likely mechanism by which Dsup protects DNA from radiation-induced damage is 

by altering the conformation of the bound DNA and stabilizing it in a state that is less 

susceptible to damage. To determine whether the formation of a Dsup-DNA complex alters 

the conformation of either the Dsup protein or the DNA ligand, we used IR spectroscopy 

and 2-aminopurine fluorescence. Analyses of the IR spectra revealed conformational shifts 

in both Dsup and the DNA upon DNA binding. Dsup gains α-helical content suggesting 

it becomes somewhat more ordered when it binds DNA. This seemingly agrees with a 

recent study that used circular dichroism to argue that the secondary structure of Dsup, 

upon binding DNA, shows about 5% change in secondary structure [38]. Addressing which 

regions of Dsup become more ordered will require further work. Similarly, we showed that 

the DNA ligand has a reduction in base pairing suggesting partial melting or unwinding of 

the DNA when Dsup binds. This result was recapitulated using fluorescence spectroscopy 

and a 2-aminopurine containing DNA substrate. Although the extent of this unwinding is 

currently unclear, it does suggest that Dsup binding may result in DNA underwinding.

The biochemical and structural studies of Dsup reported here support a general model 

of DNA protection by Dsup (Figure 12). In this model, Dsup binds with high affinity 

and potentially coats the DNA. Upon binding, the DNA changes conformation possibly 

by partial unwinding or underwinding. This could make the formation of the cyclobutane 

pyrimidine dimers and other photoproducts less efficient by positioning the adjacent bases 

on the same DNA strand further apart and less susceptible to crosslinking. In addition, 

Dsup could also employ other strategies to improve resistance to radiation such as acting 

as a scaffold to bind DNA repair proteins or dehydrating the DNA to reduce damage 

induced by reactive oxygen species [9,11,12]. While much work remains to be done to 

decipher the protective mechanism of Dsup, the results reported here are a significant step 

forward in understanding the biochemical and structural properties of Dsup protein. These 

findings offer new insights into how disordered proteins such as Dsup can function as 

radioprotectants in extreme environments.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mass photometry analyses of Dsup.
(A) Purified Dsup (20 nM) was subjected to mass photometry. The grey histogram shows 

that the majority of the protein (90%) was 43 kDa (which corresponds to a monomer), while 

a minority (10%) was 91 kDa (which corresponds to a dimer). The red histogram represents 

a control experiment using buffer alone (i.e., in the absence of Dsup). (B) Blue native PAGE 

showing the oligomeric state of Dsup at 0.1, 0.2, 0.5, 1, 2 μM final concentrations. At all of 

these concentrations, we observe only a single band corresponding to approximately 40–50 

kDa.
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Figure 2. Small-angle X-ray scattering of Dsup.
(A) The X-ray scattering curve of purified Dsup is shown. (B) The Guinier plot is linear (R2 

= 0.97) showing no significant aggregation. (C) The pairwise distance distribution function, 

P (r), curve reveals a radius of gyration (Rg) of 78 Å and a maximum particle dimension 

(Dmax) of 290 Å. (D) The Kratky plot shows a lack of structure for purified Dsup.
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Figure 3. Brownian dynamics simulations of Dsup.
(A) A representative plot of the radius of gyration (Rg) as a function of simulation time 

for one replicate. (B) A representative plot of the maximum particle dimension (Dmax) as 

a function of simulation time for one replicate. (C) The histogram shows the distribution 

of Rg values for all replicates combined. The average Rg value for all replicates is 78 

Å, which equals to the experimental value obtained from SAXS. (D) The histogram 

shows the distribution of Dmax values for all replicates combined. The experimental value 

obtained from SAXS (290 Å) occurs at the 75th percentile in the Dmax distribution. (E) 
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Individual structures of Dsup from the simulations representing the 20th, 40th, 60th, and 

80th percentiles of Rg distribution with the N-termini shown in blue and the C-termini 

shown in red.
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Figure 4. Single-stranded and double-stranded DNA binding by Dsup.
(A) The plot shows the BLI response units as a function of time for the association (1–300 

s) and dissociation (300–480 s) phases for an immobilized 30-mer double-stranded DNA 

binding to various concentrations of Dsup. (B) The plot shows the normalized equilibrium 

response units as a function of Dsup concentration for a 30-mer double-stranded DNA 

ligand. The affinity between Dsup and the double-stranded DNA is 3.1 ± 0.7 nM. (C) The 

plot shows the of biolayer interferometry (BLI) response units as a function of time for 

the association (1–300 s) and dissociation (300–480 s) phases for an immobilized 30-mer 

double-stranded DNA binding to various concentrations of purified Dsup. (D) The plot 

shows the normalized equilibrium response units as a function of Dsup concentration for 

a 30-mer single-stranded DNA ligand. The affinity between Dsup and the single-stranded 

DNA is 3.2 ± 0.8 nM.
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Figure 5. DNA length for optimal DNA-binding by Dsup.
The plot shows the normalized equilibrium BLI response units as a function of Dsup 

concentration for a 20-mer double-stranded DNA (blue), 30-mer double-stranded DNA 

(red), 40-mer double-stranded DNA (green), and a 75-mer double-stranded DNA (purple). 

The Kd values for each of these DNA ligands are listed in Table 1.

Woodward and Washington Page 20

J Mol Biol. Author manuscript; available in PMC 2026 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. DNA binding by the N-terminal and C-terminal regions of Dsup.
(A) Diagram showing full-length Dsup as well as the C-terminal region of Dsup (residues 

335–445) and the N-terminal region of Dsup (residues 1–355). (B) The plot shows the 

normalized equilibrium BLI response units as a function of Dsup concentration for a 40-mer 

double-stranded DNA ligand and the C-terminal region of Dsup. The Kd for C-terminal 

region of Dsup binding DNA is 3.3 ± 0.6 μM. (C) The plot shows the normalized 

equilibrium response units as a function of Dsup concentration for a 40-mer double-stranded 
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DNA ligand and the N-terminal region of Dsup. The Kd for N-terminal region of Dsup 

binding DNA is 0.49 ± 0.4 μM.
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Figure 7. DNA binding by truncated Dsup proteins.
(A) Diagram showing full-length Dsup as well as the various truncated constructs of Dsup 

(residues 90–445, 180–445, 270–445, and 355–445). (B) The plot shows the normalized 

equilibrium BLI response units as a function of Dsup concentration for a 40-mer double-

stranded DNA for various truncated constructs of Dsup: full-length Dsup (blue), Dsup 

(residues 90–445) (red), Dsup (residues 180–445) (green), Dsup (residues 355–445) 

(purple), and Dsup (residues 270–445) (orange). The Kd values for each of these Dsup 

constructs are listed in Table 2.
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Figure 8. Damaged DNA binding by Dsup.
The plot shows the normalized equilibrium BLI response units as a function of Dsup 

concentration for a 40-mer double-stranded DNA containing a single 8-oxoguanine lesion 

(blue), a single abasic site (red) and a single 1-nucleotide gap (green). The Kd values for 

each of these DNA molecules are listed in Table 3.
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Figure 9. Microfluidic modulation spectroscopy of Dsup and DNA alone.
(A) The plot shows the buffer-subtracted absorbance averaged over three replicates graphed 

as a function of wavenumber in the amide I bond region for purified Dsup. (B) The inverse 

second derivative of the spectral data for purified Dsup is shown. (C) The plot shows 

the buffer-subtracted absorbance averaged over three replicates graphed as a function of 

wavenumber in the amide I bond region for the 40-mer DNA ligand. (D) The inverse second 

derivative of the spectral data for purified Dsup is shown.
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Figure 10. Microfluidic modulation spectroscopy of the Dsup-DNA complex.
(A) The plot shows the buffer-subtracted absorbance averaged over three replicates graphed 

as a function of wavenumber in the amide I bond region for Dsup-DNA complex (black). 

The plot of the theoretical absorbance of the complex assuming no conformational 

changes in either the protein or DNA upon complex formation is shown (red). (B) The 

inverse second derivative plot of the experimental data for the Dsup-DNA complex as 

a function of wavenumber is shown (black), and the inverse second derivative plot of 

the theoretical data for this complex is shown (red). (C) The plot shows the differences 

between the experimental and theoretical spectra for the Dsup-DNA complex as a function 

of wavenumber. A loss of signal at 1717 cm−1 indicates reduced base pairing in the 

DNA within the complex, while an increase at 1655 cm−1 indicates the existence of more 

α-helical content in Dsup within the complex.
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Figure 11. Dsup binding to 2-aminopurine-containing DNA.
The histogram shows the normalized and background-subtracted fluorescence reading (in 

arbitrary units) for a 30-mer DNA molecule (1 nM) containing two 2-aminopurines in the 

presence or absence of 4 nM Dsup. The fluorescence increase upon Dsup binding indicates 

the partial melting or unwinding of the DNA duplex.
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Figure 12. General mechanism of DNA protection by Dsup.
Dsup binds undamaged DNA and both Dsup and the DNA undergo conformational changes 

upon complex formation. The conformation of the DNA in bound to Dsup is less susceptible 

to radiation-induced damage than the DNA not bound to Dsup.
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Table 1
DNA length for optimal DNA-binding by Dsup.

Kd (nM) ΔG (kJ/mol)

20-mer DNA 30 ± 8 −43 ± 1

30-mer DNA 3.1 ± 0.7 −49 ± 1

40-mer DNA 1.5 ± 0.2 −50 ± 1

75-mer DNA 1.6 ± 0.2 −50 ± 1
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Table 2
DNA binding by truncated Dsup proteins.

Kd (nM) ΔG (kJ/mol)

Dsup (1–445) 1.5 ± 0.2 −50 ± 1

Dsup (90–445) 39 ± 7 −42 ± 1

Dsup (180–445) 5.2 ± 1.4 −47 ± 1

Dsup (270–445) 390 ± 30 −37 ± 1

Dsup (355–445) 3,300 ± 600 −31 ± 1
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Table 3
Damaged DNA binding by Dsup.

Kd (nM) ΔG (kJ/mol)

8-oxoG 4.3 ± 1.5 −48 ± 1

Abasic site 3.6 ± 0.6 −48 ± 1

1 nt. gap 7.8 ± 0.9 −46 ± 1
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