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Abstract
The excision of uracil bases from DNA is accomplished by the enzyme uracil DNA glycosylase
(UNG). Recognition of uracil bases in free DNA is facilitated by uracil base pair dynamics, but it
is not known whether this same mechanistic feature is relevant for detection and excision of uracil
residues embedded in nucleosomes. Here we investigate this question using nucleosome core
particles (NCPs) generated from X. laevis histones and the high-affinity “Widom 601” positioning
sequence. The reactivity of uracil residues in NCPs under steady-state multiple turnover
conditions was generally decreased as compared to free 601 DNA, mostly due to anticipated steric
effects of histones. However, some sites in NCPs had equal or even greater reactivity than free
DNA, and the observed reactivities were not readily explained by simple steric considerations, or
by global DNA unwrapping models for nucleosome invasion. In particular, some reactive uracils
were found in occluded positions, while some unreactive uracils were found in exposed positions.
One feature of many exposed reactive sites is a wide DNA minor groove, which allows
penetration of a key active site loop of the enzyme. In single-turnover kinetic measurements,
multi-phasic reaction kinetics were observed for several uracil sites, where each kinetic transient
was independent of the UNG concentration. These kinetic measurements, and supporting
structural analyses, support a mechanism where some uracils are transiently exposed to UNG by
local, rate-limiting nucleosome conformational dynamics, followed by rapid trapping of the
exposed state by the enzyme. We present structural models and plausible reaction mechanisms for
the reaction of UNG at three distinct uracil sites in the NCP.

The recognition and repair of damaged DNA bases is largely the task of the base excision
repair pathway. This pathway is initiated by a variety of DNA glycosylases, each with a
different specificity for DNA damage. A common mechanistic problem encountered by
these enzymes is the structural obstacle imposed by duplex DNA, which obscures the
damaged base within the DNA duplex. Thus by necessity, these diverse glycosylases have
evolved a common strategy to extrude damaged bases from the confines of the DNA duplex
and then dock the base in their active sites for catalysis to ensue.1 This process of “base
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flipping” requires substantial binding interactions with the DNA backbone, ultimately
resulting in substantial DNA bending. An intriguing mechanistic question is how do these
enzymes operate when a damaged base is embedded in a large protein complex such as a
nucleosome, rather than in free duplex DNA?

The enzyme uracil DNA glycosylase (UNG) is the most catalytically robust of DNA
glycosylases2and shows a remarkable plasticity to locate and excise uracils in duplex or
single stranded DNA contexts, and remarkably, mononucleosomes3, 4, 5, 6 The enzyme
utilizes the favorable opening dynamics of uracil base pairs in free DNA to initiate the
process of base flipping7, 8, suggesting that nucleosome-induced changes in individual base
pair dynamics could have a profound effect on the activity of UNG. In this regard, several
distinct models can be envisioned to explain the reaction of uracil bases embedded in a
nucleosome core particle (NCP) (Figure 1). The simplest model involves direct excision of a
uracil without a prerequisite conformational transition in the NCP that exposes the site (kex
for Ncl, Fig. 1). Such a mechanism might hold for sites that are exposed on the surface of the
NCP, but steric conflicts between the enzyme and the NCP, or reduced base pair dynamics
arising from structural aspects of the site could still hinder the reaction as compared to free
DNA. Another model, that has already been established for access of restriction enzymes to
their sites,9, 10 is complete unwrapping of the DNA from the histone octamers (Kglobal, Fig.
1). With unwrapping as the primary means of UDG accessing nucleosomal DNA, one would
expect DNA near the entry/exit sites to react more quickly than internal sites located near
the nucleosome dyad axis.11, 12 Indeed, the probability for unwrapping internal sites may be
10,000-fold smaller than end sites13, leading to extremely low rates for these sites. A third
route for UDG action could involve local NCP dynamics, rather than global unwrapping
(Klocal, Fig. 1). The timescale for such dynamics would be determined by local structural
features of the site, which could be quite varied for DNA bound to histones. A unique
feature of local dynamics is that rapid exposure of sites could occur for sites distant from the
DNA ends.

In this report, we have assembled NCPs containing X. laevis histones and the 147 bp high-
ffinity “Widom 601” positioning sequence. Our constructs are identical to a recently
published X-ray crystal structure (except for single T/A to U/A substitutions at specific
locations),14 and therefore allow direct interpretation of our kinetic and dynamic
measurements using structural parameters. We find that although simple steric
considerations and burial of uracils can affect their reactivity with UNG, some uracil sites
are reactive even when the crystal structure would indicate a lack of accessibility, and many
exposed sites are unreactive. We now propose mechanistic explanations for the reactivities
of individual uracil sites in NCPs based on the DNA and histone structural features obtained
from the crystal model, as well as small molecule structural probes (KMnO4 and hydroxyl
radical) and single-turnover kinetic experiments. In addition, molecular docking of UNG to
a highly reactive site in the NCP provides a detailed structural basis for the mechanism of
uracil recognition.

Materials and Methods
DNA Sequences and Nomenclature

The NCPs were assembled using a minor variant of the 147 bp Widom SELEX 601 DNA
sequence employed by Makde et al in their crystallographic work14, 15:

601-147b (strand one): 5'-
ATCGGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTG
GCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAG
CTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCGAT-3'
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601-147b (strand two): 5'-
ATCGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGC
ACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGG
ATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCGAT-3'

The two complementary strands of the Widom 601 sequence (strand one and strand two,
given above) are called N1 and N2, respectively, and for the thymine of interest replaced
with uracil, the number of nucleotides from the dyad is indicated with a superscript.
Following the convention of Richmond and coworkers,16 the superscript position is either
positive or negative, depending on whether the nucleotide of interest is 3′ or 5′ relative to
the nucleosome dyad, respectively. Strands one and two of the Widom 601 sequence
correspond to chains j and i, respectively, in the crystal structure of the 601 nucleosome
reported by Tan and coworkers (PDB 3MVD)14. In that structure, the dyad is located at
nucleotide 74 on each strand. Therefore, the numbering convention used here can be
converted to the nucleotide numbering of the crystal structure by addition of +74. For
example, U+22N1 corresponds to nucleotide 96 on chain j.

Preparation of 601 DNA Containing Randomly Incorporated Uracil Residues
147-nucleotide nucleosomal DNA strands were ordered from Integrated DNA Technologies
(IDT) and were purified by PAGE using a 6 % sequencing gel. Sequenase 2.0 (USB/
Affymetrix) was used to randomly incorporate uracil into each strand of DNA at less than 1
uracil/molecule. Polymerase reactions were carried out by using either strand one or strand
two as a template (400 nM) and 400 nM of a 5’-Fam labeled 25mer primer complementary
to the first 25 bases at the 3’ end of each template. After heating to 95 °C for 5 min, strands
were annealed by slow cooling in a buffer consisting of 20 mM Tris-HCl pH 7.5, 10 mM
MgCl2 and 25 mM NaCl. Polymerization reactions contained 10 µM DTT, 300 µM of each
standard dNTPs, 30 µM dUTP, and 1 unit Sequenase per nmole duplex. Sequencing ladders
were constructed using the same conditions except that dUTP was omitted and 30 µM
ddATP or ddTTP was added. The reaction was carried out at 37 °C for 45 minutes and the
extended duplex was isolated using a PCR cleanup kit (Fermentas).

Formation of Nucleosomes
Recombinant Xenopus laevis histones were expressed individually in bacteria and the
octamer was reconstituted as previously described17. NCPs were prepared by adding 400
nM duplex DNA in 2 M NaCl, 10 mM Tris pH 7.5, 1 mM DTT and 10 mM EDTA to an
equal volume of ~440 nM reconstituted histone octamer in 2 M NaCl, 10 mM Tris pH 7.5, 1
mM DTT and 0.25 mM EDTA. The mixture was incubated on ice for 30 minutes and
dialyzed into 10 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT and decreasing amounts of
NaCl (1.2 M, 1.0 M and 0.6 M NaCl dialysis steps were performed for 1 hour each). The
final step of dialysis into a zero NaCl solution was performed for 3 hours. Complete
nucleosomal formation was confirmed using electrophoresis on a native 6% polyacrylamide
(60:1 acrylamide:bisacrylamide) gel in 0.25 × TBE running buffer, run at 4 °C and 100V
(Fig. S1). Only preparations showing a single nucleosome species and where > 95% of the
input DNA was in the bound form were used for experiments.

Global Measurements of UNG Activity on Uracilated DNA
The catalytic domain of human uracil DNA glycosylase (UNG) was expressed in bacteria
and purified as previously described18. Activity was measured on the randomly uracilated
free DNA or in complex with histones under the following conditions: 50 nM nucleosomes
(or free 601 DNA), 0.5 nM UNG, 20 mM Hepes pH 7.5, 10 mM NaCl, 1 mM DTT, 2.5 mM
MgCl2, 0.002% Brij 35 and 0.1 mg/ml BSA. Reactions were performed at room temperature
and were quenched at various times with 1% SDS. At this time a 5′-FAM labeled duplex
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DNA internal standard was added to each quenched reaction to allow correction for loading
differences during gel electrophoresis. For the strand one and strand two templated
experiments, 95 and 72 base pair standards were added, respectively. These standards were
designed to migrate at positions in the gel where no uracil excision fragments would be
found. The reaction mixtures were extracted with equal volumes of
phenol:chloroform:isoamyl alcohol (PCA, 25:24:1, v/v). The aqueous phases were separated
and treated with 1/10th volume of 1 M NaOH at 95 °C for 10 min. To the resulting solution
were added 1/10th volume of 3M NaOAc pH 5.2, 2.5 µL 20 mg/mL glycogen and 3 volumes
of cold ethanol. The samples were frozen in −80 °C for 1 hr and spun down at 15000 g for
15 min. The precipitates were dried, dissolved in 5 µL formamide DNA loading buffer (95%
formamide, 0.025% xylene cyanol, 0.025% bromophenol blue) and loaded on a 6%
denaturing polyacrylamide gel. The sequencing gel was run at constant 70 W until the
bromophenol blue reached the bottom. The FAM-labeled DNA was detected on the gel with
a Typhoon (GE Healthcare) imager with a 520 nm filter and quantified with ImageQuant
software (GE Healthcare). After normalization to the internal standard on the gel, the
fractional reaction of all uracil cleavage bands in the nucleosome and free DNA were
calculated using the endpoint of the free DNA reactions as 100%. The resulting fractional
reactions were plotted against time and initial rates were determined using linear regression
analysis.

KMnO4 Footprinting
75 fmol freshly-prepared nucleosomes were dissolved in 25 µL buffer (10 mM Tis-HCl
pH7.5, 1mM EDTA, 1mM DTT) to a final concentration of 3 nM. The resulting solution
was treated with 2 µL of 100 mM KMnO4 (final concentration 8 mM) for 2 min at room
temperature, and then quenched by 25 µL 1.5 M NaOAc (pH = 6.2) containing 7% BME.
DNA was precipitated using 2 µL 20 mg/mL glycogen and 150 µL cold EtOH at 80°C. The
supernatant was carefully removed and the pellet was dried. Subsequently, 50 µL of 1 M
piperidine was added to dissolve the pellet and the solution was incubated at 90°C for 30
min, followed by ethanol precipitation as described above. The pellet was then washed with
75% cold ethanol, and then precipated again at 80°C as described above. The supernatant
was carefully removed and the pellet was dried by gentle air flow. The pellet was dissolved
in 7 µL formamide DNA loading buffer (95% formamide, 0.025% xylene cyanol, 0.025%
bromophenol blue). A 3 µL portion was loaded on a 6% polyacrylamide gel containing 7M
urea and electrophoresis was performed at 75 W with 1X TBE running buffer until
bromophenol blue reached the bottom. The gel was imaged with a Typhoon 8600 (GE
Healthcare) imager with a 520 nm filter and quantified with Image J
(http://rsbweb.nih.gov/ij/).

Steady-State Kinetic Measurements
NCPs containing a single uracil at sites U+44, U+22, U−32 were dissolved in 20 µL of buffer
containing 20 mM Tris pH 7.5, 3 mM EDTA, 1 mM DTT and 0.002% Brij 35, giving final
NCP concentrations of 60 nM, 40 nM, 30 nM and 15 nM. hUNG was diluted to 0.6 nM in
the same buffer and reactions were initiated by mixing equal volumes of UNG and NCPs.
Reactions were quenched with a 2X volume of 0.5 M HCl at various reaction times. Specific
reaction times were selected such that less than 30% of the substrate was reacted and each
reaction was performed in triplicate for error estimates. Quenched reaction mixtures were
extracted with PCA, and 1/10th volume of 10 M piperidine was added, followed by
vortexing and centrifugation to separate the aqueous and organic phases. The aqueous layers
were heated at 95°C for 20 min. The resulting solutions were dried in vacuo and re-
suspended in 150 µL water followed by the addition of 1/10th volume of 3M NaOAc (pH
5.2), 5 µL glycogen and 3 vol cold EtOH. The samples were frozen at −80°C for >1 hr and
centrifuged for 10 min at 15000g at 4°C. The precipitates were dried, dissolved in 5 µL 1X
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formamide load buffer and loaded on a 6% denaturing polyacrylamide gel. Electrophoreses
was performed at 20 W with 1X TBE running buffer until bromophenol blue reached the
bottom. The gel was imaged with a Typhoon 8600 (GE Healthcare) imager and quantified
with Image J software. Initial velocities with standard errors were calculated by dividing the
amount of product at the time of quench by the elapsed time. Observed steady-state rate
constants (kobs

ss) were obtained by dividing the initial velocities by the UNG concentration.
Because saturation was not achievable with NCP substrates, the second-order rate constant
for the steady-state reaction (k´ss) was obtained from the linear slope of a plot of kobs

ss

against substrate concentration using linear regression methods (see Supplemental
Materials).

Single-turnover Kinetic Measurements
Measurements were performed by manual mixing or by using a Kintek RQ-3 chemical
quench-flow instrument depending on the magnitude of the reaction rates. NCPs or free 601
DNA containing a single uracil at sites U+44, U+22 and U−32 were dissolved in a buffer
containing 20 mM Tris (pH 7.5), 3 mM EDTA, 1 mM DTT and 0.002% Brij 35, giving a
final concentrations of DNA or NCPs of 20 nM. UNG was diluted to final concentrations of
100 nM, 200 nM or 400 nM in the same buffer. Reactions were performed using pseudo-
first order reaction conditions by mixing equal volumes of hUNG with NCPs (or free 601
DNA). Reactions were quenched with a 2X volume of 0.5 M HCl at various reaction times.
The quenched reactions were extracted with 1:1:1 PCA, and 1/10th volume of 10 M
piperidine was added, followed by vortexing and centrifugation to separate the aqueous and
organic phases. The aqueous layers were heated at 95°C for 20 min. The resulting solutions
were dried in vacuo and re-suspended in 150 µL water followed by the addition of 1/10th

volume of 3M NaOAc (pH 5.2), 5 µL 20 mg/mL glycogen and 3 vol cold EtOH. The
samples were frozen at −80°C for >1 hr and centrifuged for 10 min at 15000g at 4°C. The
precipitates were dried, dissolved in 5 µL 1X formamide load buffer and loaded on a 6%
denaturing polyacrylamide gel. Electrophoresis was performed at 20 W with 1X TBE
running buffer until the bromophenol blue dye front reached the bottom of the gel. The gel
was imaged with a Typhoon 8600 (GE Healthcare) imager and band volumes were
quantified using Image J19. The fractional extents of reaction were plotted against reaction
times and fitted to a single exponential expression, or the sum of two or three exponentials
as required. For the DNA substrate U+22 and its NCP version U+22N1, the single-turnover
observed rate constants (kobs

sto) were plotted against the concentration of UNG and fitted to
eq 1, where kex

sto is the maximal uracil excision rate, and K0.5 is the enzyme concentration
that gives the half-maximal rate. The ratio kex

sto/K0.5 = k′sto is the second-order rate
constant for single-turnover uracil excision.

(1)

Molecular Docking
To create a model of enzyme-nucleosome binding at U+22N1, the high-resolution part of the
RosettaDock protocol was used for all-atom optimization of both backbone rigid-body
orientation and side-chain conformation20, 21. Using the visualization software PyMOL
(http://www.pymol.org), the starting structure of docking partners was prepared by
superimposing the DNA segment of the UNG-DNA complex (PDB 2OXM) onto the
nucleosome DNA (PDB 3MVD). In the superposition, the extrahelical base B5 in the
enzyme-DNA complex was aligned to match the position of the probed base U+22N1 in the
nucleosome DNA. Based on the UNG-DNA binding mode, base U+22N1 must flip out of the
DNA helix to allow the residue Leu272 in the UNG active site to enter into the minor
groove. To satisfy this precondition, the backbone atom coordinates of nucleotides +21N1 to
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+25N1 in the nucleosome DNA (PDB 3MVD) were replaced by the B4–B8 backbone
coordinates in the superimposed DNA segment (PDB 2OXM), without changing the original
DNA sequence. Using PyRosetta22, the high-resolution docking simulations were then
conducted with the structure of the superimposed enzyme and the modified nucleosome
applying Rosetta’s DNA scoring function23. No artificial constraint potentials were
employed to bias the binding. The simulation generated 20 candidate models. The model
with lowest interface energy was selected and shown in Figure 7.

Results and Discussion
Three substantial advantages of studying the high affinity 601 DNA sequence as opposed to
other lower affinity histone-DNA binding sequences are (i) the DNA is held in a single
register in the NCP, diminishing the contribution of alternative binding modes, (ii) a high
resolution crystal structure has recently been solved of the 601 DNA in complex with
Xenopus laevis histones (PDB 3MVD),14 and (iii) restriction enzyme reactivities have been
mapped along the sequence, providing a valuable point of comparison12. We utilize these
favorable attributes in the analyses of the UNG reactivity data.

Global Assessment of UNG Activity at U/A Pairs in Free and Nucleosome Bound 601 DNA
Using an appropriate dUTP/TTP ratio, 601 DNA strands containing on average one U/A
pair per strand were synthesized by DNA polymerase primer extension, thereby generating a
population of DNA molecules where each thymine was substituted with uracil. Such
constructs allow the global assessment of the steady-state initial rates for hUNG reaction at
each uracil site along the DNA for both free and nucleosome-bound DNA (Fig. 2a, b and
Fig. S2). Due to the modest flanking sequence preferences of hUNG for free 601 DNA (Fig.
2a), different U/A base pairs showed reactivities that differed by as much as 5-fold (Fig.
S3a)24. Preferred cleavage sequences were AUA, TUA and CUA, and less reactive
sequences were TUC, AUT and GUC, which is similar to the flanking base trends
previously observed with Escherichia coli UNG25. In contrast to free DNA, the cleavage
rates in the context of the NCP vary by over two-orders of magnitude (Fig. 2b and S3b),
with no obvious sequence trends, suggesting that DNA sequence plays a minor role, and that
other determinants dominate.

Unlike restriction enzymes, which show a ~10−4 decrease in the efficiency of cleaving their
sites as the site is moved from near the DNA entry/exit sites towards the NCP dyad axis12,
the distribution of UNG reactive and unreactive uracil sites across the entire 601 sequence
are not clearly related to position relative to the DNA dyad (Fig. 2c, 2d). Thirty-six of the
total fifty-two NCP uracil sites showed zero to 10% of the activity compared to the same site
in free DNA, fourteen showed 10 to 60% of the activity, and two sites showed roughly
equal, or even two-fold greater activity than free 601 DNA (sites U−32N1 and U+22N1,
respectively) (Fig. S4). These reactivity trends, at the very least, indicate that additional
mechanisms above and beyond DNA unwrapping must be operative. Thus, local dynamic
events or the unique conformations of individual sites must also be important in determining
UNG reactivity.

Correlations Between Uracil Site Reactivity and Small Molecule Probes of Duplex
Structure

It is reasonable to expect that UNG-reactive uracil sites might be correlated with their
rotational exposure (or lack of steric hindrance) in the crystal structure of the 601 NCP
(PDB 3MVD). The simplest expectation would be that rotationally exposed uracils (i.e.
oriented away from the histone surface as observed in the structure PDB 3MVD), would be
the most reactive, and buried uracils (oriented against the histone surface) would be the least
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reactive, as has been previously suggested5, 6. However, it is also possible that otherwise
rotationally exposed residues may also be hindered to the action of UNG due to changes in
duplex structural properties or interfering histone side chains.

We looked for possible correlations of the site reactivities with the sensitivity of the 601
DNA sequence to both potassium permanganate, which probes accessibility of the 5, 6
double bond of thymidine residues (a surrogate for uracil in the uracilated 601 substrate, Fig.
3a), and hydroxyl radicals, which probe the width of the DNA minor groove26, 27. Only
seven thymidine sites on both DNA strands in the context of NCPs were found to be
especially permanganate sensitive (red squares, Fig. 3a, 3b). These sites were also reactive
in the free 601 DNA, suggesting that the DNA sequence context of these thymidines plays a
substantial role in determining their sensitivity to permanganate in both the free DNA and in
the NCP. Importantly, all seven of the permanganate sensitive sites were rotationally
exposed in the structure, but only one (U−39N1) was reactive to UNG. Comparing UNG
reactivity results with previously reported NCP hydroxyl radical sensitivity data28, we found
that only 15/26 sensitive sites were also UNG reactive (Fig. 3b, solid and dashed lines).
Thus we find no strong relationship between the reactivity of UNG and small molecule
structural probes, even though the reactivity of the small molecules corresponds well with
rotational exposure of the site. We conclude that the reactivity of UNG must have higher-
order requirements and that these requirements may involve duplex structural properties, the
presence of interfering histone side chains, or the flexibility of the site in addition to its
exposure (see below).

Correlations Between Uracil Reactivity in the NCP and Site Structure
The expectation that rotational exposure of a uracil site may correlate with its reactivity is
largely substantiated because 14/20 of the rotationally exposed uracils are moderately or
highly reactive, while only 2/28 of the buried (or sterically hindered) uracils show similar
reactivity (Fig. 3). However, we also found that nine uracil sites on strand one
(U+13,+14,+15N1, U+25N1, U+31N1, U+44,+45N1, and U+66,+67N1), and five on strand two
(U−6N2, U−16, −17N2, U−26N2, and U−47N2) were unreactive even though they had a
rotational position on the nucleosome that appears to expose the site. Closer inspection of
these rotationally exposed sites reveals structural features that would likely lead to poor
reactivity. The specific features of these sites include one or more of the following: (i) a very
narrow minor groove that would impede interactions with an important active site loop of
hUNG (see further Results below), (ii) direct hydrogen bonds to the uracil base or phosphate
atoms from histone side-chains (as inferred from the thymidines in the structure), and (iii)
the presence of one or more histone side-chains positioned in the minor groove. In addition,
site exposure alone fails to explain the absence of reactivity of six highly exposed uracil
sites on strand two where no obvious structural impediments exist (U+3N2, U+12,+13N2,
U+34N2, U−28N2, U−39N2), nor does it explain the reactivity of two buried sites (U−32N1
and U+68N2). We conclude that more complicated mechanisms–possibly involving NCP
dynamics–must also contribute to the reactivity of these individual sites.

NCP DNA Structural Parameters and Site Reactivity
We used the DNA structural analysis program Curves and the input file PDB 3MVD to
investigate whether perturbed 601 base pair structural parameters correlate with the
observed uracil reactivities (Fig. S5)29. The first question we explored was whether the
subset of exposed sites that were highly reactive had perturbed base pair parameters that
might destabilize base stacking and hydrogen bonding interactions at these sites, thereby
leading to their enhanced reactivity. For this analysis, a reactive uracil site was defined as an
exposed site with >20% of the reactivity of the same site in free DNA. The most highly
reactive site in strand one (U+22N1), showed large perturbations in twist, roll, buckle, tip and
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inclination that were amongst the largest observed across the entire NCP (Fig. S5). Thus,
these perturbations may increase the dynamic flexibility of this site and lead to its 2-fold
greater reaction rate as compared to the same site in free DNA. The two other exposed sites
in strand one (U+54N1 and U−39N1) were ~five-times less reactive than U+22N1 and
displayed normal B-DNA values for the duplex parameters, except for tip. For the five
reactive and exposed sites in strand two (U+1N2, U+53N2, U+55N2, U+62N2 and U+64N2),
only one site showed substantial deviations in several duplex parameters (U+1N2), and the
other sites were not remarkable in this regard. Moreover, we also observed that a number of
unreactive exposed sites had perturbed base pair parameters (U+3N2, U+34N2, U−28N2,
U−39N2)(Fig. S5). We conclude from the above analyses that extreme base pair structural
parameters can make a given exposed site hyperreactive (i.e. U+22N1), but that these
considerations alone are in general poorly predictive of the reactivity of exposed sites. One
possible explanation for the poor reactivity of some exposed sites is that strong interactions
between the histones and DNA at these sites hinders the conformational flexibility required
to extrude a uracil base from the duplex. Such energetic effects may arise from interactions
at a distance from the site, and are therefore impossible to discern from inspection of the
crystal structure.

One additional feature of several exposed and reactive uracil sites was an exceptionally wide
minor groove, and conversely, exposed sites with narrow minor grooves were often
unreactive (Fig. 4a, 4b). This is best illustrated in the structural comparison shown in Figure
4c, where the dramatic differences in the minor groove widths for the highly reactive
U+22N1 (~18 Å) and the unreactive U+13N1 (~7 Å) sites can be discerned. In terms of the
UNG reaction mechanism, a narrow minor groove would place a severe steric impediment
to the insertion of the active site loop containing the “wedge” residue Leu27218, 30, 31, 32, 33.
Insertion of this conserved side chain serves to prevent the retrograde motion of the uracil
base back into the base stack during the early base flipping step of the reaction33, 34. It is
notable that the most reactive +22 site is located in a region that has been previously
suggested to be dynamic. Structurally, this region has been shown to have the capability of
“absorbing” one extra base pair, or alternatively, “stretching” if one base pair is deleted14. In
addition, HIV and intercalating small molecules preferentially insert into this region, which
has been attributed to the wide minor groove35, 36. We surmise that the unusual flexibility or
dynamics of this region could very well explain the reactivity of this region to hUNG and to
a variety of modifications.

Steady-state and Single-turnover Kinetic Reactivities of Individual Uracil Sites Reveals
NCP Conformational Transitions

To further understand the reactivities of uracils embedded in distinct positions of the
nucleosome we turned our attention to three distinct sites with intriguing properties. These
sites were investigated individually using both steady-state and single-turnover kinetic
methods (Table 1). Site U+22N1 is exposed and reacts at a diffusion controlled rate of k′ss =
4 × 108 M−1 s−1 in steady-state measurements of second-order reactions rates (Fig. S6). Site
U−32N1 is buried yet still reacts with a substantial rate of k′ss = 0.5 × 108 M−1 s−1 (~40% of
the average uracil reactivity in free DNA). Finally, site U+44N1 is rotationally exposed, but
reacts almost 50 times slower than the exposed site U+22N1 in steady-state reactions (k′ss =
8 × 106 M−1 s−1). The poor reactivity of U+44N1 is likely due to interactions of the flexible
N-terminal tail of histone H2A with the minor groove at this site (Ala12, Lys13, Ala14,
Lys15), which is discussed further below.

To further understand the distinct reactivity of these three sites, single-turnover kinetic
measurements were performed (Fig. 5, Fig. S7). For comparison, we first measured the
single-turnover uracil excision rate for a site in free 601 DNA. Such measurements have
been previously made for both E. coli and human UNG37, 38, 39, 40, but these measurements
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were repeated here by placing a single U/A base pair at site U+44 in the free 601 DNA (Fig.
5a). Similar to previous kinetic findings, the maximal rate of uracil excision at site U+44 in
free 601 DNA was kex

sto = 96 s−1 (22 °C)(Table 1), and the observed second-order rate
constant was k´sto = 1.3 × 108 M−1 s−1, which was identical to the diffusion-controlled
second-order rate (k′ss) observed in the steady-state reaction with this same site in free 601
DNA (Fig. S6).

The three uracil sites embedded in NCPs showed very different kinetic behavior as
compared to the free control DNA. Exposed site U+22N1 reacted with a single-exponential
appearance of product and a hyperbolic dependence on UNG concentration (Fig. 5b). The
excision rates for U+22N1 at each UNG concentration exceeded that of the free DNA by 1.5
to 2-fold, indicating enhanced second-order (k´sto) and maximal excision rates (kex

sto) for
this site (Table 1). These findings indicate that UNG reacts directly with this site with no
requirement for rate-limiting local or global conformational rearrangements of the NCP (see
molecular docking studies below). In contrast, buried site U−32N1 and exposed site U+44N1
both showed multi-exponential single turnover excision rates that were independent of UNG
concentration in the range 100 to 400 nM (Fig. 5c,d,e,f). Both sites displayed similar rapid
phases (10–20 s−1) and a slower phase (0.1 – 0.2 s−1), but site U+44N1 also showed a very
slow third phase (0.003 s−1) necessitating the use of a log time scale to display the data (Fig.
5c, 5d)(Table 1). The similar rates for the first two phases with U−32N1 and U+44N1 suggest
that similar conformational processes may be rate-limiting for reaction of both of these sites
even though they are distant from each other in the linear DNA sequence NCP. A common
process is a reasonable proposal because these sites are located on adjacent tiers of the DNA
chain as it wraps around the histones. The absence of an UNG concentration dependence for
excision of U−32N1 and U+44N1 in the range 100 to 400 nM UNG (Fig. 5e,f), indicates that
rate-limiting conformational changes in the NCP (kconf) are required to place these sites in a
transient reactive state. Accordingly, UNG must react with these transient states more
rapidly than they revert back to an unreactive conformation (i.e k−conf < k´sto[UNG]). A
similar trapping mechanism by UNG is plausible in the human nucleus because UNG is an
abundant enzyme (~200,000 copies/cell)2.

Mechanism of Site Exposure
At least two related models can be envisioned to explain the multi-exponential kinetic
reactivity of sites U−32N1 and U+44N1. First, it is formally possible that these sites exist in
multiple stable ground-state conformations, giving rise to different activation barriers for
achieving a single UNG reactive state. In this case, the fractional amplitudes of the
individual kinetic phases would represent the populations of the ground state conformations
at the initiation of the reaction. For this simple model to hold, each ground state
conformation should not interconvert during the time frame of the UNG reaction. However,
if interconversion of the ground state conformations does occur (a more plausible scenario),
then excision would proceed via a pathway that preferentially funnels through the
conformation with the lowest activation barrier for transition to the UNG reactive state (Fig.
6). Despite rapid interconversion, when the reverse rates for the conformational changes are
slow compared to the forward steps, this mechanism would also show fractional amplitudes
corresponding to different ground state conformations (see legend to Fig. 6). Although more
complicated models are possible, a general mechanism involving a rate-limiting
conformational change followed by rapid reaction of UNG is required to satisfactorily
account for the excision of uracil from sites U−32N1 and U+44N1.

Do the observed rates for uracil excision from sites U-32N1 and U+44N1 match the
conformational transitions previously observed for nucleosomal DNA? Previous studies by
the Widom group using ensemble-based stopped-flow fluorescence measurements and
FRET-fluorescence autocorrelation spectroscopy have led to a model for site exposure that
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involves successive unwrapping of the DNA duplex from the histone core9, 41, 42. Since the
histones tend to contact the DNA about once every turn of the helix, each 10 bp of
unwrapping from the DNA entry/exit sites leads to an increased activation barrier largely
due to the increasingly unfavorable thermodynamics of breaking multiple histone-DNA
interactions. Thus, duplex site exposure rates were around 4 s−1 for sites one or two turns
from the entry/exit sites, and many orders of magnitude lower for sites three and four turns
from the entry/exit sites (~0.02 and 0.002 s−1, respectively)42, 43. In contrast,
thermodynamically favorable rewrapping rates were rapid and only moderately dependent
on position from the entry/exit sites. For instance, the wrapping rate for a site at the dyad
axis was 1.4 s−1, as compared to 21 s−1 for a site one turn from the entry/exit sites43. These
kinetic values for full duplex unwrapping show little if any agreement with the single-
turnover kinetic constants for sites U+22N1, U−32N1 and U+44N1 (Table 1). For site U+22N1
(~ five turns from the nearest edge of the nucleosome), the reaction rate is six-orders of
magnitude greater than the duplex unwrapping rate, and for sites U−32N1 and U+44N1,
located about three to four turns from the nearest DNA ends, the rates are ~ 100 to 10,000
times greater than the expected unwrapping rates. Only the slowest phase with site U+44N1
is in the range expected for duplex unwrapping. These differences are most likely attributed
to the DNA binding mode of UNG that does not require full duplex unwrapping. Instead, the
reaction of this enzyme is likely to occur directly with some uracil sites (middle pathway,
Fig. 1) or through local DNA breathing events that are distinct from complete duplex
unwrapping (upper pathway, Fig. 1). These conclusions are supported by the molecular
docking studies described below.

Molecular Docking of UNG to Uracil Sites U+22N1, U−32N1 and U+44N1 in the NCP
The above single-turnover kinetic data suggested that UNG could directly dock to uracil site
U+22N1, but that conformational transitions were required for sites U−32N1 and U+44N1. We
tested these kinetic predictions using a molecular docking approach21. To obtain good
restraints for the initial docking model, we employed the crystal coordinates of the complex
of hUNG with undamaged duplex DNA (2OXM)31. This is a reasonable model for these
purposes because it reflects a very early step along the reaction coordinate where the
enzyme has formed nascent interactions with a U:A base pair, but has not yet severely bent
the DNA duplex as observed in later stage Michaelis complexes31, 44. Using this model,
attempts to dock UNG to sites U−32N1 and U+44N1 were unsuccessful due to severe steric
clashes with the histone core (site U−32N1), or with histone N-terminal tail side chains that
were present in the DNA minor groove (site U+44N1, see above)(Supplemental Figs. S8 and
S9). These docking attempts clearly indicated the need for conformational transitions in
order for UNG to react with these sites as required from the single-turnover kinetic
measurements above. Although the detailed aspects of these transitions cannot be discerned
from these studies, they are likely to involve transient release of the histone tail, and/or
breaking of local ionic interactions releasing the duplex partially or completely from the
histone surface. An additional implication from these findings is that histone tail
modifications could have a large effect on reactivity of certain sites (i.e. site U+44N1).

In contrast with the unreactive sites, it was straightforward to dock UNG on site U+22N1
using the same 2OXM model (Figure 7a, b). This docking procedure was restrained using
several well-studied interactions of UNG with the DNA phosphate backbone (Ser247,
Ser270 and Ser 273)32, 45, and the requirement for positioning of the wedge residue Leu272
in the minor groove24, 43. Using these restraints, converged models were readily obtained
with good docking scores. The model provides structural information that helps explain the
high reactivity of this site. First, the highly perturbed base pair parameters of twist, roll,
buckle, tip and incline (Fig. S5), likely promote breathing of the base pair and generate
motions that are on the trajectory for base extrusion from the duplex (Fig. 7b). Second, the
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wide minor groove could facilitate entry of the enzyme loop that contains the wedge residue
Leu272. The unhindered reactivity of this site indicates how the DNA binding mode of
UNG, which emphasizes a limited number of strand interactions immediately adjacent to the
damage site, is ideally suited for recognition in diverse contexts of duplex DNA, single-
stranded DNA and nucleosomes.

Conclusions
These measurements extend our current understanding of damaged base recognition in the
context of nucleosomes. Although previous work has established the importance of
rotational orientation of damaged sites on the nucleosome in their reaction with enzymes
such as UNG3, 5, 6, the current findings provide additional structural and dynamic insights
into reactivity of several sites embedded in NCPs. Our findings establish the importance of
local site dynamics, rather than slow global duplex unwrapping, in the recognition of buried
or sterically occluded uracil bases, and define the time scale of dynamic events at several
sites. The data also suggest that the kinetics of damage recognition will be affected by the
modification of histone tails (acetylation, methylation), and that the epigenetic status of
chromatin may influence DNA base excision repair. Finally, structural models now
demonstrate how direct recognition of a damaged base in the context of an NCP can rapidly
occur in the absence of any conformational rearrangement of the histones or DNA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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UNG uracil DNA glycosylase

NCP nucleosome core particles
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Figure 1.
Three possible models for uracil excision in the context of a NCP. The NCP is viewed as
existing in a closed form where the DNA is wrapped tightly around the nucleosome (Ncl),
and two open forms that differ with respect to whether conformational transitions involving
global unwrapping (Nop

glob) or local release (Nop
loc) of the DNA have occurred. Model 1

(middle pathway, Ncl). A uracil site is exposed even in the context of the closed NCP, and
the uracil is excised as rapidly as in free DNA (kex). Model 2 (bottom pathway, Nop

glob).
The site is inaccessible to UNG and the lowest energy pathway to exposing the site is global
unwrapping of the DNA from the NCP. This may be described by an unfavorable
equilibrium (Kglob). Once exposed, the site may react with the same excision rate as the free
DNA. Model 3 (top pathway, Nop

loc). The site is inaccessible to UNG and the lowest energy
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pathway to exposing the site is local release of the DNA from the NCP. This may be
described by an unfavorable equilibrium (Kloc). Once exposed, the site may react with the
same excision rate as the free DNA.
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Figure 2.
Reaction of UNG with free and histone-bound 147 bp 601 DNA containing global T→U
substitutions. (a) Denaturing polyacrylamide gel separation of the DNA fragments resulting
from base-catalyzed cleavage of the abasic sites generated from UNG excision of uracils.
The DNA strand contained a 5′Fam-label and was reacted with hUNG for 0 s, 5 s, 10 s, 20
s, 30 s, 1 min, 2.5 min, 5 min, 10 min, 15 min, 30 min, 60 min and 95 min (lanes 1–13, left
to right). The asterisk (*) indicates the migration position of a 5′ Fam-labeled DNA internal
standard that was added post-reaction to normalize for lane loading differences (see
Methods). (b) Same analysis as (a) except the DNA is in the context of the NCP. Reaction
times are 0 s, 10 s, 32 s, 1 min, 2 min, 5 min, 10.9 min, 20 min, 30 min, 45 min, 60 min, 90
min, 120 min and 190 min (lanes 1–14, left to right). (c), (d) Relative activity of UNG for
uracil sites in strand one and two of free and histone bound 601 DNA. The relative activity
is defined as the initial rate of a uracil site in the NCP divided by that of the same site
measured in the free DNA.
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Figure 3.
Comparison of UNG reactivity with structural properties of the uracil sites in the NCP. (a)
KMnO4 footprinting of each strand of the 147mer DNA in the context of the NCP (see
Methods). Abbreviations: N, NCP; D, free DNA; S, single strand T ladder; C, control (free
DNA, no KMnO4). (b) Comparison of the reactivity of hUNG with site exposure in the
crystal structure, and KMnO4 and hydroxyl radical footprinting data28. Key legend:
Triangles represent the ratio (R) between the initial rates for uracil excision in the
nucleosome site as compared to the same site in free DNA, with filled, half-filled and
unfilled triangles corresponding to R > 0.2, 0.2 > R > 0.02, and R < 0.02, respectively. High
and moderate sensitivities to hydroxyl radical are indicated by solid and dashed lines. Red
squares indicate high sensitivity to KMnO4 oxidation. Open, black and green circles
represent rotationally exposed, buried, and rotationally exposed (but otherwise sterically
hindered to UNG) uracil sites, respectively.
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Figure 4.
Correlations between DNA minor groove width in the NCP and the relative activity of
UNG. (a) Strand one. (b) Strand two. The minor groove widths were obtained by analysis of
the X-ray structure using the program Curves. The relative UNG activities (vNCP/vfree DNA)
are based on our experimental data and are displayed as (relative activity)−1/2 to facilitate
presentation of small and large values. In these panels, rotationally exposed and buried
residues are indicated by open and closed circles, respectively. The green filled circles
represent residues that are rotationally exposed but show other structural features that might
inhibit reactivity (histone side chain interactions or narrow minor grooves). The vertical
colored bars indicate those sites that have the following properties: rotational exposure,
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accessibility to UNG and average or wider minor groove widths. (c) Structural features of
two rotationally exposed residues (magenta) corresponding to U+22N1 (reactive) and
U+13N1 (unreactive), which are located in sites with dramatically different minor groove
widths. The other colors in this panel reflect atom depth as calculated using the program
SADIC using a probe radius corresponding to a water molecule (1.4 Å)46. Red and blue
colors represent the most solvent exposed and buried atoms, respectively.
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Figure 5.
Single-turnover kinetic experiments on free DNA (U+44) and NCPs containing T→U
substitutions at three single sites (U+22N1, U−32N1 and U+44N1). (a) Observed rate
constants (kobs

sto) for reaction of 20 nM free 601 DNA containing a uracil at site U+44 with
various concentrations of UNG. The insert shows the kinetic time course with 0.4 µM UNG.
(b) Observed rate constants (kobs

sto) for reaction of 20 nM NCP containing a uracil at site
U+22N1 with various concentrations of UNG. The insert shows the kinetic time course with
1.3 µM UNG. (c) Time course (log scale) for reaction of 20 nM NCP containing uracil at
site U−32N1 with 0.2 µM UNG. (d) Time course (log scale) for reaction of 20 nM NCP
containing uracil at site U+44N1 with 0.2 µM UNG. In panels b-c the graphic inserts display
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the structural properties of each NCP site. The uracils are in red, the histones are in purple
and the DNA is in grey. (e, f) Absence of hUNG concentration dependence for the observed
rate constants for single-turnover excision of uracil from nucleosome sites U+44N1 and
U−32N1.
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Figure 6.
Kinetic mechanism for excision of uracil from site U+44N1. The single-turnover kinetic
measurements for excision of uracil from this site show three kinetic transients (Figure 5d),
suggesting that three distinct conformational states of the NCP exist with relative
populations of 40% (state 1), 40% (state 2) and 20% (state 3) as depicted in the qualitative
free energy reaction coordinate diagram. The rates for conversion of these individual states
to the reactive conformation (R) that is competent for uracil excision will depend on the
forward rate constants k1, k2 and kconf, respectively. In this minimal mechanism, all excision
events occur by funneling through the conformation that has the lowest barrier for
conversion to the reactive R conformation. The individual rate constants in Table 1 will
approximate k1, k2 and kconf under the conditions where (i) k1 << k2 and kconf, and (ii) k2
and kconf exceed the corresponding reverse rate constants k−1 and k−2. The single turnover
kinetic data are independent of UNG concentration requiring that k´sto[UNG] (for [UNG] >
100 nM) is faster than these NCP conformational changes.
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Figure 7.
Docking based model for recognition of uracil at the highly reactive site U+22N1. (a) View
of docking complex (b) Expanded view of the docking complex. U+22N1, Ser247, Ser247,
Ser273 and Leu272 are labeled and shown in sticks.
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Table1

Steady-state and single turnover kinetic parameters for excision of uracil sites in free 601 DNA and in NCPsa

k′ss

(M−1s−1) × 108
kex

sto

(s−1)
K0.5
(µM)

k′stob

(M−1s−1) × 108

U+44 1.33 ± 0.03 96 ± 13 0.76 ± 0.24d 1.3 ± 0.7d

U−32N1 0.51 ± 0.01 10.6 ± 0.2 (36%)c

0.29 ± 0.01 (64%)

U+22N1 3.9 ± 0.1 166 ± 12 (100%) 0.45 ± 0.08d 3.7 ± 0.7d

U+44N1 0.08 ± 0.01 24.0 ± 0.1 (23%)

0.17 ± 0.01 (41%)

0.003 ± 0.001 (36%)

a
Errors for the steady-state kinetic measurements were obtained from three replicate experiments performed on two independently prepared

nucleosome preparations (two experiments were performed on the first preparation and the third on the second). The errors shown for the single-
turnover kinetic measurements are the standard deviations of the data from the fitted curve for reactions containing 20 nM NCP and 200 nM UNG.

Each time point from the rapid-quench experiment was obtained in duplicate and averaged for plotting. The experiment for U−32N1 and U+44N1
were repeated at three UNG concentrations (100, 200 and 400 nM) with identical results (Fig. 5e, f). These single-turnover data were also collected
using two independently prepared nucleosome preparations (the experiments with 100 and 200 nM UNG were performed on one preparation and
the experiment with 400 nM UNG was performed on the second preparation).

b
Obtained from the ratio kexsto/K0.5.

c
Relative amplitude of each kinetic phase.

d
Each kinetic phase was independent of UNG concentration (see Fig. 5e, f).
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