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Abstract

Many human DNA repair proteins have disordered domains at their N- or C-termini with poorly
defined biological functions. We recently reported that the partially structured N-terminal domain
(NTD) of human uracil DNA glycosylase 2 (hUNG2), functions to enhance DNA translocation in
crowded environments and also targets the enzyme to single-stranded/double-stranded DNA
junctions. To understand the structural basis for these effects we now report high-resolution
heteronuclear NMR studies of the isolated NTD in the presence and absence of an inert
macromolecular crowding agent (PEG8K). Compared to dilute buffer, we find that crowding
reduces the degrees of freedom for the structural ensemble, increases the order of a PCNA binding
motif and dramatically promotes binding of the NTD for DNA through a conformational selection
mechanism. These findings shed new light on the function of this disordered domain in the context
of the crowded nuclear environment.

Keywords

hUNG2; N-terminal domain; Intrinsically disordered protein; DNA binding; Conformational
selection; Molecular crowding; NMR spectroscopy

1. Introduction

Functional protein domains devoid of higher order structure are abundant in the human
proteome [1]. These disordered domains often serve a regulatory role in cellular processes
such as RNA-chaperone activity [2,3], targets for post translational modification [4],
regulatory elements for multiprotein complex self-assembly [5], and mediators of signal
transduction [6]. Furthermore, dysregulation of disordered proteins, through mechanisms
involving damaged splicing, aberrant post-translational modification, and proteolytic
degradation, is often involved in the pathogenesis of human disease [7].
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2.

2.1.

2.2.

2.3.

Mammalian DNA repair glycosylases that catalyze the excision of damaged DNA bases
possess disordered protein domains located at either their N or C termini [8-11]. One key
example is the 92-amino acid N-terminal domain (NTD) of nuclear uracil DNA glycosylase
2 (hUNG2) that removes uracil bases from U/A and U/G pairs in DNA [12]. Although this
domain contains an alpha helix that spans residues 66-88 [13], the rest of the domain
(residues 1-65) is predicted to be disordered based on prior NMR chemical shift data and
sequence-based structure prediction algorithms [13]. The biological function of the NTD is
broad: it carries the nuclear localization signal sequence and 14 sites that can be acetylated,
ubiquitinated, or phosphorylated [14-16]. In addition, binding motifs for proliferating cell
nuclear antigen (PCNA,; res 4-11) and replication protein A (RPA, residues 66—88) [17] are
also present and phosphorylation within these binding motifs disrupts the interactions of
each protein with hUNG2 [16,18]. Cell cycle-dependent proteolysis of hUNG2 during late S
phase is triggered via phosphorylation of Thr60 and Ser64 [19].

We have recently shown that the NTD facilitates several enzymatic functions of hUNG2 and
its contributions increase dramatically in the presence of macromolecular crowding
[9,10,16]. These facilitated activities specifically attributed to the NTD include enhanced
translocation along DNA chains and preferential targeting to uracil sites near sSDNA-
dsDNA junctions [9,10]. To understand these effects and the nuclear function of the NTD it
is necessary to elucidate its structure and dynamic properties under conditions that mimic
the crowded cellular environment. Accordingly, we now report high-resolution heteronuclear
NMR experiments of the isolated NTD using solution conditions that contain the inert
macromolecular crowder polyethylene glycol 8000 (PEG8K) [20-24].

Materials and methods

DNA oligonucleotides

DNA oligonucleotides were purchased from Integrated DNA Technologies. All DNA
substrates were prepared by PAGE purification of the respective ssSDNA as described in
detail in the Supplemental materials.

Cloning, expression and purification of isotopically labeled hUNG NTD

The sequence encoding the 92-amino acid N-terminal domain (NTD) of hUNG2 was
inserted into the pET21A vector containing an 8x His-tag, a GSGSG linker, with the SUMO
protein SMT3 (from S. cerevisiae) fused to its N-terminus and purified by affinity and ion
exchange chromatography (Supplemental materials).

NMR experiments and analysis

Triple resonance heteronuclear NMR experiments were performed at 600 and 800 MHz field
strengths using 13C and 1°N-labeled NTD in a buffer consisting of 25 mM sodium phosphate
pH 7.0, 50 mM NacCl, 90/10 % H,0/D,0 at 22°C. Experiments and assignments were
preformed using three conditions: no PEG8K, in the presence of 20 % (w/v) PEG8K, and

20 % (w/v) PEGSK in the presence of saturating ssDNA (5'-GCT CTG TAC ATG AGC
AGT G -3"). Concentrations of the isotopically labeled NTD peptide were in the range 166—
300 uM. The data were processed and analyzed as described in the Supplemental materials.
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The analysis of the chemical shifts in terms of secondary structure and dynamics and are
described in the text and Supplemental materials.

2.4. Measurements of DNA binding using fluorescence anisotropy

Binding of the hUNG2 NTD peptide to 5'-FAM labeled duplex and ssDNA was performed
at 25 °C using a buffer consisting of 25 mM sodium phosphate pH 7.0 and 50 mM NaCl
using a SPEX Fluoromax-3 fluorimeter. Settings for the anisotropy measurements were A8
=494 nm, A®M = 518 nm using magic angle conditions (excitation polarizer = 0°, emission
polarizer = 57.5°), with G factor corrections for the polarizers. All binding reactions were
performed using either the single-stranded or double stranded form of the NS19FAM DNA
(5" - FAM - GCT CTG TAC ATG AGC AGT G - 3"). The fraction bound DNA was plotted
against total protein concentration and fit to a quadratic binding isotherm as described in
detail in the Supplemental materials.

3. Results

3.1. The hUNG2 NTD has a more compact average structure in the presence of
macromolecular crowding

A suite of heteronuclear NMR experiments (*H, 15N -TROSY-HSQC, HNCACB and
HNCO) were performed to make residue specific HN, C., Cg and C’ assignments of the
NTD in the presence and absence of the inert crowding agent PEG8K (20 % w/v)
(Supplemental Table 1). Resonance assignments in the absence of PEG8K were facilitated
by the prior assignments deposited in the Biological Magnetic Resonance Bank [13].
Assignment of residues 2—66 in the disordered region of the sequence were made
challenging by the presence of thirteen structure-disrupting proline residues (Fig. 1c;
residues 13, 15, 22, 24, 26, 37, 47, 52, 58, 61, 62, 65, and 91). Nevertheless, consecutive
backbone assignments for over 96 % of the peptide chain were made for both conditions
(93 % of residues have assignments for 3 or more of the 5 sampled NMR nuclei), which
allowed for comparison of the backbone chemical shifts, amide proton linewidths, backbone
dynamics, and secondary structure propensity in the absence and presence of PEG8K (Fig.
1) (Supplemental Figures S1, S2).

In the presence of PEG8K, significant changes in the backbone amide H and 15N chemical
shifts of the NTD were observed, indicating that the average structure of the ensemble was
altered (Fig. 1a,b). The largest shift changes were seen in the disordered region (residues 2—
65) and in the first few residues leading into the a-helix (Ser67, Ala68). The flexible regions
of the backbone most likely experience the largest shift changes because their shifts most
resemble the random coil values in the absence of crowding. Thus, upon addition of the
crowding agent the compaction of the conformational ensemble weights the shifts to values
that indicate increased structure. Structural compaction is consistent with expectations from
simple entropically driven hard sphere models for crowding, where solutes respond by
maximizing the available volume [1,25-27].

Despite the increase in macroscopic solution viscosity with 20 % PEG8K [22], the backbone
amide proton linewidths were uniformly reduced in its presence (Fig. 2a). Narrower
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linewidths may indicate (i) a decrease in the chemical shift distribution of the
conformational ensemble leading to a decrease in the exchange contribution to R2, (ii) a
decrease in the correlation time for molecular tumbling due to compaction, or (iii) a decrease
in transient aggregation of the peptide in the presence of PEG8K. Transient aggregation in
the absence of PEG8K (reduced molecular tumbling) seems unlikely because the linewidth
decreases are not uniform across the sequence and the largest changes are associated with
regions of known function (discussed below).

The absence of viscosity-induced increases in linewidths is once again consistent with
simple polymer theory, where nanometer scale rotational or translational movements can
occur within the spaces between the macromolecule crowders [23,28,29]. The reduction in
linewidths in the presence of PEG8K provides further evidence that peptide interactions with
the polymer are not significant because such interactions would increase the rotational
correlation time and lead to broader lines. An especially large decrease in the linewidth of
residue Ser64 was observed, despite Ser64 showing only a modest chemical shift change
(Fig. 2a). This observation indicates a decrease in the effective correlation time at Ser64 (i.e.
increase in rapid internal motions). These dynamic properties of Ser64 may be relevant to its
phosphorylation and biological function. Moreover, the dynamic behavior of Ser64 may be
related to the backbone motions of the nearby residue Alaé8, which is discussed separately
below in the context of DNA binding and conformational selection.

3.2. The NTD exists in multiple conformations in slow exchange on the NMR chemical
shift time scale

Some of the assigned resonances in the 1°N, H-TROSY-HSQC spectra in the presence of
PEGB8K were accompanied by minor peaks, suggesting that slow exchange between peptide
conformations was occurring in some sequences. Given the large number of proline
residues, we suspected that these peaks might reflect proline cis-trans isomerization [30].
However, the chemical shifts of the shadow peaks were not consistent with the well-
characterized effects of Pro isomerization on the amide chemical shifts of adjacent residues
(i £ 2; where i = Pro) [30,31]. To confirm our analysis, the proline chemical shift data were
input into the Promega server [32], which predicted that all the prolines were in the trans
conformation. We conclude that minor peptide conformers are stabilized by crowding, but
these conformations do not result from proline cis-trans isomerization.

The chemical shift data (HN, N, Ca, CB, and C’) for the NTD in the absence and presence
of PEG8K were used to calculate the chemical shift-derived backbone order parameters
S2(8) with the TALOS + software suite (Fig. 2a) [32—-34]. The S2(8) values for each residue
reflect the averaging of chemical shifts between the residue-specific random coil values and
the values observed in folded proteins. The parameter S2(8) is strongly correlated with NMR
relaxation-based dynamic measurements [32-34]. TALOS + S2(8) values greater or less
than 0.5 indicate high or low average order, respectively. The backbone S2(8) values for
residues 2—65 show an interesting oscillation between regions of order and disorder in the
presence of PEG8K that are only weakly present in the absence of PEG8K (Fig. 2b). The
peaks and valleys of the oscillations occur roughly every 10 residues and could reflect the
formation of transient tertiary interactions or an increase in local secondary structure. Of
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note, the largest increase in order arising from crowding involved the first six amino terminal
residues, which comprises part of the putative PCNA interacting protein (PIP) motif (Fig.
2b).

We also used the sequence-based order prediction program Espritz [35], along with the
NMR train module, to calculate the order propensity of the NTD (P orger, Fig. 2¢). This
analysis successfully identified the helix containing the RPA binding motif (residues 66—88),
the higher order present in the first six residues, and the higher average order in the region
beginning around residue thirty-five and continuing until residue fifty (Fig. 2c). However,
this prediction did not identify the subtle oscillations determined from the NMR chemical
shift data. Similar results to Espritz were obtained with other sequence-based algorithms
(SPOT-dis and Disopred 3)(Supplemental Figure S3) [36,37]. As recently reviewed, these
programs are among the best at predicting regions of order and disorder and the combined
results are largely consistent with the NMR-based S2(8) method [38]. Finally, the residue
specific chemical shifts in PEG8K were also used to predict the NTD secondary structure
using TALOS+ (Fig. 2d). This analysis predicted low levels of extended structure across the
disordered region of the NTD, which was confirmed in similar chemical shift analyses using
the programs SSP and 62D (Supplemental Fig. S4) [39,40].

3.3. The NTD binds duplex and ssDNA only in the presence of macromolecular crowding

Our previous studies of full-length hUNG2 have established that the NTD confers special
DNA recognition properties to the catalytic domain in the presence of crowding that lead to
enhanced DNA translocation and targeted engagement of uracils next to ssDNA-duplex
junctions [9,10]. To determine if the NTD interacts with DNA on its own and if PEG8K
enhances this interaction, we measured its equilibrium binding affinity for duplex and
ssDNA using fluorescence anisotropy of the labeled DNA (Fig. 3a). In the absence of
PEGB8K the NTD had little affinity for either double-stranded or ssDNA. The addition of
20 % PEGS8K to the solution dramatically increased binding to both types of DNA with
measured KD values of 23 uM (ssDNA) and 10 uM (duplex DNA). These findings indicate
that the NTD modulates the DNA binding behavior of the catalytic domain by forming weak
non-specific DNA interactions.

To probe the regions of the NTD that might be involved in DNA binding we used the 1H,15
N-HSQC experiment to follow perturbations in the backbone NMR chemical shifts upon
addition of ssDNA to a solution of the NTD in the presence of PEG8K (Supplemental
Figure S5). These data were then compared to an identical sample in the absence of DNA
(Fig. 3b). In general, small changes were observed except for (i) residues S67 and A68,
which are located at the junction between the extended coil region and the RPA-binding
helix, and (ii) residues 84-89, which are located at the C-terminus of the helix. Shown in
Fig. 3c and d, is a comparison of the chemical shift changes for Ala68 that occur upon the
addition of PEG8K and ssDNA. Upon addition of PEG8K, the single resonance of A68
(black, Fig. 3c) is split into two major upheld resonances and two minor downfield
resonances (red, Fig. 3c). Intriguingly, upon addition of sSDNA the major upheld resonances
for A68 merge and the minor downheld resonances become dominant (blue, Fig. 3d). Thus,
these data provide evidence for conformational dynamics at the coil-helix junction and a
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binding reaction that stabilizes a minor conformation that is already present in the free NTD.
It is intriguing that this region, which is most affected by DNA binding, is also a known site
for serine phosphorylation (Ser67). Phosphorylation of N-terminal serine residues like Ser67
has been shown to stabilize model helices and could have the same effect in this context. It
would also be expected to negatively impact DNA binding.

We also cloned and purihed the NTD region containing the RPA binding helix (residues 66—
95) and measured its affinity for duplex DNA in the presence of PEG8K (Supplemental
Methods and Fig. S10). This helix showed much reduced DNA binding affinity with an
estimated Kp of 850 M. This result indicates that while RPA 86-95 can weakly engage
DNA, the full DNA binding affinity of the NTD in the presence of macromolecular
crowding also requires NTD residues 2—-65. The weak binding affinity of the isolated helix
may be partially related to its reduced structural stability in the absence of the NTD residues
2-65 [17]. This notion is consistent with a previous NMR study indicating that the isolated
peptide did not have stable helical structure until it bound to RPA [17]. In contrast, our
chemical shift data indicate high helical propensity when the helix is in the context of the
entire NTD sequence. We suggest that the compaction induced by PEG8K in the
unstructured region spanning residues 2—65 produces structural elements that act in concert
with the RPA helix to bind both ssDNA and duplex DNA.

We used the docking program HDOCK to model the binding mode of the RPA binding helix
within the major groove of B DNA (Fig. 4 and Supplemental methods). The ab initio
calculated structure suggests that several basic groups are used to make electrostatic
interactions with the phosphate backbone (R76, K78, R84, R88). These residues are both
conserved and implicated in DNA binding based on the backbone chemical shift
perturbations (Supplemental Fig. S11 and Fig. 3b). Although this structural aspect of
binding to duplex DNA is intuitive, it is much less clear how the RPA helix and the
remainder of the NTD interact with sSDNA. This function is important because preferential
excision of uracil bases located within 10 bp of a single strand/duplex DNA junction
containing a 5" single strand overhang is known to require the entire NTD [9].

4. Discussion

This is the first study to examine how intracellular macromolecular crowding could aff ;ect
the conformational properties and function of disordered domains found on many DNA
repair proteins. Our findings indicate that crowding reduces the conformational dynamics of
the NTD backbone, promotes conformations that resemble those populated during DNA
binding, and increases the DNA binding activity of the NTD. In the context of the entire
protein, the NTD promotes DNA translocation in crowded environments by serving as a
flexible tether to the DNA that increases the probability that the enzyme will move along the
DNA chain rather than depart to bulk solution [10,41,42]. Since macromolecular crowding
appears to trigger collapse of the NTD into a more compact ensemble average structure, the
entropic price for forming the DNA binding conformation might be reduced, leading to the
observed increase in binding affinity. We speculate that the ebb and flow of NTD ordering
observed in the presence of PEG8K (Fig. 2a) could indicate that the overall internal
configurational entropy is conserved in the crowded environment. Such a trade-off would
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allow the important functional regions to gain ordered structure, while minimizing the
internal entropic penalty by increasing the disorder of other regions, all the while gaining the
entropic advantage of compaction in the crowded environment. \We note that crowding
induced compaction has been reported for many but not all intrinsically disordered proteins
as recently reviewed by Theillet et al. [1].

One additional aspect of cellular crowding is the possibility of localized regions of high
crowding that could facilitate specific interactions [43]. In the case of replication coupled
DNA repair involving hUNG2 [18], formation of a large multiprotein DNA replication
complex could provide a local macromolecule concentration that specifically triggers
compaction of the NTD onto DNA. Such localized crowding could facilitate quick and
specific localization of the enzyme to replication foci to facilitate detection of pro-mutagenic
uracil bases. Furthermore, transient collapse of the flexible NTD onto DNA without forming
strong DNA contacts is compatible with a free energy landscape for the damage search
process that involves low energetic barriers that promote rapid inspection of DNA integrity
through the sliding and hopping pathways [44].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

NTD backbone amide chemical shift dispersion in the absence and presence of 20 %
PEGSK. (a) 1H, I°5N-TROSY HSQC spectrum of 0.35 mM in NMR buffer A obtained at 800
MHz proton frequency, (b) Same spectrum as panel (a) except that 20 % PEG8K was added
to the buffer, (c) The residue specific weighted average chemical shift changes are defined as
SAV9 = NTD+PEGE8K _ NTD-PEGEK The NTD amino acid sequence is shown with
negatively charged (red), positively charged (blue), polar residues (green), and prolines

indicated (underlined).
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Fig. 2.
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Chemical shift linewidths, shift-derived order parameters, sequence-based order
probabilities, and calculated secondary structure propensity for the NTD. The structural

Page 11

elements of the NTD are shown graphically, including the location of the twelve structure-
disrupting proline residues (red circles) and a putative short 31 helix in the PCNA binding

motif (PIP-motif)9. (a) The presence of 20 % PEG8K narrows the 1H resonance linewidths
as compared to the absence of PEG8K Lw (Hz) = LW*PEG8K _ | \W~PEGEK (h) The TALOS
+ program was used to calculate the chemical shift-derived order parameters S 2(8) using the
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residue specific HN, N, Ca,, CB, and C’ chemical shifts in the absence (black) and presence
(red) of PEG8K. (c) The sequence-based order probability was calculated using the Espritz
program, employing the optional NMR train basis set that uses NMR structural models
deposited in the PDB. Three regions in the NTD are predicted to have increased order
(residues 4-12, 35-50 and 68-88) and these regions correlate well with ordered regions
based on the S 2(5) analysis (see text). (d) The residue specific chemical shifts were used to
predict the NTD secondary structure in PEG8K using TALOS + (see text).
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Fig. 3.

N'QII'D binds 19mer duplex and single-stranded DNA with enhanced affinity in the presence
of PEG8K and binding involves conformational selection. (a) DNA binding was followed by
measuring the fluorescence anisotropy increase of fluorescein end-labeled duplex and
sSDNA (25 nM) in the absence and presence of 20 % PEG8K using buffer A. The Kp values
in the absence of PEG8K were greater than 100 M, and were reduced to 10 M and 23 M for
duplex DNA and ssDNA, respectively. (b) Weighted-average chemical shift changes (6A39)
in the amide resonances of the NTD upon binding ssSDNA (see full spectra in Supplemental
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Figure S5). Spectra were obtained using 50 M NTD and 250 M 19mer ssDNA at 600 MHz.
The large chemical shift changes for residues A68 and N89 extends far beyond the y axis
limit. (c) Upon addition of PEG8K (red) the amide resonance of residue A68 enters a slow
conformational exchange regime. (d) Upon addition of ssSDNA to the NTD in the presence
of PEG8K (blue), the conformational equilibrium is shifted to favor the minor state observed
in the absence of ssDNA (compare panels ¢ and d).
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Fig. 4.
Computational model of the helix residues 66—95 bound to a dodecameric B-DNA ligand

(PDBID: 1BNA) using HDOCK. (a) Orthogonal views of the RPA-helix interacting with the
major groove of B-DNA. (b) The model indicates that dsSDNA binding by the RPA binding
helix is mediated by electrostatic interactions between four basic residues with the sugar-
phosphate backbone (R76, K78, R84, R88).
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