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ABSTRACT: Human uracil DNA glycosylase (hUNG) plays a central role in DNA repair
and programmed mutagenesis of Ig genes, requiring it to act on sparsely or densely spaced
uracil bases located in a variety of contexts, including U/A and U/G base pairs, and
potentially uracils within single-stranded DNA (ssDNA). An interesting question is whether
the facilitated search mode of hUNG, which includes both DNA sliding and hopping, changes
in these different contexts. Here we find that hUNG uses an enhanced local search mode
when it acts on uracils in ssDNA, and also, in a context where uracils are densely clustered in
duplex DNA. In the context of ssDNA, hUNG performs an enhanced local search by sliding
with a mean sliding length larger than that of double-stranded DNA (dsDNA). In the context
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of duplex DNA, insertion of high-affinity abasic product sites between two uracil lesions

serves to significantly extend the apparent sliding length on dsDNA from 4 to 20 bp and, in some cases, leads to directionally
biased 3" — S’ sliding. The presence of intervening abasic product sites mimics the situation where hUNG acts iteratively on
densely spaced uracils. The findings suggest that intervening product sites serve to increase the amount of time the enzyme
remains associated with DNA as compared to nonspecific DNA, which in turn increases the likelihood of sliding as opposed to
falling oft the DNA. These findings illustrate how the search mechanism of hUNG is not predetermined but, instead, depends on

the context in which the uracils are located.

Human uracil DNA glycosylase (hUNG) is an extremely
versatile catalyst that excises uracils in a wide variety of
genomic DNA contexts." For example, during chemotherapy
with antifolate and fluoropyrimidine drugs, dUTP levels rise
and replicative DNA polymerases frequently incorporate JUTP
opposite adenine.”®> Within this framework, hUNG is likely
confronted with densely spaced uracils in the context of U/A
base pairs. The enzyme must also act on uracils that are
generated by the enzyme activation-induced cytosine deami-
nase (AID) during the process of adaptive immunity, which
includes the two distinct processes of somatic hypermutation
(SHM)* and class switch recombination (CSR).> Somatic
hypermutation involves the iterative action of AID on multiple
cytosines localized in the hypervariable regions of Ig genes.
Thus, uracils are generated during the transient period where
these regions are present as single-stranded R loops during
active transcription.*® Depending on the timing of h(UNG with
respect to transcription-coupled hypermutation, the enzyme
might encounter either single-stranded uracils or uracils that are
paired with guanine. Finally, to initiate CSR, AID must
deaminate closely spaced cytosines on opposite strands of
duplex DNA (generating U/G mismatches) such that
recombinogenic double-stranded breaks are introduced after
hUNG acts at such sites.” Given the diverse contexts of these
genomic uracils, we wondered whether the facilitated search
mechanism of hUNG might be altered from that observed with
sparsely spaced uracils in duplex DNA.”®

What specific aspects of a uracil’s environment might
influence the search mechanism of hUNG? In the case of
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DNA sliding to a uracil site, the most critical factors are the
bound lifetime (7y;,4), which provides the upper limit time
frame for sliding, and the one-dimensional (1D) diffusion
constant (D), which sets the speed limit for slid.ing.9 Together,
these parameters define the sliding length [L = (D;zy4)"]-
Thus, if D; or 7,4 is increased in a given DNA context, hUNG
will search longer stretches of DNA by a sliding mode. In the
case of DNA hopping between uracil sites (ie., short-range
dissociation and reassociation events), such events will become
more likely if the persistence length of DNA is decreased [as in
single-stranded DNA (ssDNA)], because the probability (P)
for successful hopping between sites is inversely related to the
distance (r) between the sites (P ~ 1/r).'® In addition, hopping
is a required pathway for locating clustered uracils that are
located on opposite strands of DNA.”® From these
considerations, it is reasonable to envisage that features such
as single-strand DNA bubbles, U/G base mismatches, and
clustered uracils or abasic sites could change the hopping or
sliding efficiency.

Here we explore how the search mechanism of hUNG is
affected by the context in which the uracil sites are found.
These studies show that the enzyme has an enhanced ability to
slide along linear ssDNA substrates as compared to helical
duplex DNA. Additionally, the sliding length of hUNG2 can
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also be significantly extended in duplex DNA when high-affinity
product abasic sites are inserted between two uracil target sites.
These findings provide a window into the flexibility of the
search mechanism of hUNG, which can be tuned to optimally
locate densely spaced wuracils that occur during adaptive
immunity as well as sparse uracils that arise during spontaneous
cytosine deamination or infrequent incorporations of dUTP.

B MATERIALS AND METHODS

Protein and Oligonucleotide Reagents. hUNG was
purified as previously described.® Protein concentrations were
determined by absorbance measurements at 280 nm using an
extinction coefficient of 33.68 mM ™' cm™. All 90mer uracil-
containing oligonucleotides were ordered from Integrated
DNA Technologies (http://www.IDTDNA.com) in the crude
desalted form and purified by denaturing polyacrylamide gel
electrophoresis. The sequences of these oligonucleotides are
reported in the Supplemental Methods of the Supporting
Information.

Experimental Conditions. All measurements in this paper
and the preceding paper (DOL 10.1021/bi301561d) were
taken at 37 °C in a standard reaction buffer consisting of 20
mM HEPES (pH 7.5), 0.002% Brij 35 detergent (Sigma-
Aldrich), 3 mM EDTA [added from a 0.5 M stock (pH 8.0)],
and 1 mM DTT unless otherwise noted.

Intramolecular Site Transfer Assay. For all substrates
used here, oligonucleotides were labeled at the 5" and 3’ ends
by incubation with [y-**P]JATP and 3’-deoxyadenosine S'-
triphosphate (cordycepin S'-triphosphate),[@-**P] and poly-
nucleotide kinase and terminal transferase (New England
Biolabs), respectively, and excess radioactivity and salt were
removed by gel filtration as described in the preceding paper
(DOI: 10.1021/bi301561d). Duplex substrates containing
tetrahydrofuran (F) abasic site mimics (SSF, S11F, and
S19F) were hybridized to the complement oligonucleotide by
being heated to 95 °C for 10 min in a dry heat block and
allowed to slowly cool to room temperature.

For postreaction processing of the single- and double-
stranded uracil substrates, the abasic sites generated by hUNG
were cleaved either with hot piperidine (20 min at 90 °C) or by
the addition of 0.25 M ethylenediamine (pH 8.0) [see the
preceding paper (DOL 10.1021/bi301561d)]. Samples were
then loaded onto a 10% denaturing gel (19:1 bisacrylamide:a-
crylamide) that was preheated to denature any residual
structure.

For ssDNA substrates for which no site preference was
observed, the data were analyzed as described previously using
eq 1 (DOI: 10.1021/bi301561d). However, in the case of
substrates containing F sites, the data were analyzed using the
method of Stanford et al. (see the Results)."!

PtransobS = ([A] + [C] - [AB] - [BC])

/([A] + [C] + [AB] + [BC]) 1)
Determination of the Efficiency of Uracil Excision. The
efficiency (E) with which hUNG excises a uracil when it
encounters a site as opposed to falling off the site is defined by
eq 2.
k

ex

E= —
kex + koff (2)
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The efficiency for uracil in a ssDNA and in the context of the F-
containing substrate SI9F was determined as previously
described for duplex DNA using a pulse—chase kinetic
partitioning experiment.”® Briefly, for a substrate uracil within
ssDNA, using a three-syringe rapid mixing device (Kintek
RQF3), 20 uL of a 4 uM solution of hUNG was rapidly mixed
with 20 uL of 5" ¥*P-labeled 1XU* substrate at a concentration
of 0.5 or 1 uM. The reaction was quenched at a 2 ms aging time
by the addition of 0.5 M HCI or the mixture chased with a
duplex DNA (60 or 30 uM) containing a high-affinity F site
(chDNA, Supplemental Methods of the Supporting Informa-
tion). The concentrations of the quench listed are that in the
quench syringe of the rapid mixer resulting in an approximately
2:3 dilution in the final quenched solution. Identical results
were observed in experiments varying the DNA:enzyme ratio
and when varying the chase DNA concentration (Figure S2 of
the Supporting Information and Figure 2). For the samples
machine-quenched by the chDNA, subsequent time points
were taken between S and 30 s and reactions manually
quenched with an equal volume of 0.5 M HCI. To all samples
was added an equal volume of a phenol/chloroform/isoamyl
alcohol mixture (25:24:1, Invitrogen), and the samples were
vortexed. The layers were allowed to separate by gravity and an
equal volume of 2 M piperidine followed by centrifugation for
10 min at 13000g. The aqueous layer was then transferred to
another tube and heated to 90 °C for 20 min to cleave the
abasic sites and then dried to completion to remove the
piperidine. The samples were resuspended in 50% formamide
gel loading buffer, and the substrate and product were separated
by electrophoresis on a 10% denaturing gel. The gels were
dried and imaged as described above. A detailed explanation
and kinetic simulations validating the approach are described by
Porecha et al. and the corresponding Supplemental Methods of
the Supporting Information.”

For determining the efficiency of cleavage and the single-
turnover rate of single-uracil-containing substrates analogous to
S19F (S19F S’ site and S19F 3’ site), we employed an identical
procedure; however, after reaction with hUNG, quenching, and
phenol/chloroform extraction, the DNA-containing solution
was instead neutralized with an appropriate volume of 3 M Tris
base. Formamide was then added to a final concentration of
65%, and the sample was subsequently heated to 90 °C for 3 h
to cleave the abasic sites and immediately run on a 10%
denaturing polyacrylamide gel as described above.

B RESULTS

Site Transfer Mechanism on ssDNA. Previous site
transfer measurements were taken on ssDNA substrates with
closely spaced uracils at 5 and 10 nucleotides.® To further
understand hUNG transfer on ssDNA, we took site transfer
measurements at lengths out to 40 nucleotides (SS¥, S10%,
$20%, and S40%). These ssDNA sequences were designed to
minimize any propensity for intramolecular hydrogen bonding
that might give rise to secondary structures and anomalous site
transfer results (Figure S1 of the Supporting Information).
Representative data for S20% in the absence and presence of the
uracil trap show a significant degree of intramolecular transfer
(revealed by excess A and C fragments) that is diminished, but
not entirely removed, by the presence of uracil (Figure 1a).
Furthermore, the plateau region of trapping has been reached
because identical data were obtained in the presence of 10 and
15 mM uracil. Extrapolation of P, (eq 1) to time zero
shows that P, = 0.44 + 0.03 and Pg, = 0.14 + 0.03 for S20%

dx.doi.org/10.1021/bi301562n | Biochemistry 2013, 52, 2536—2544


http://www.IDTDNA.com

Biochemistry

a ) b
S20°S - Uracil S20%° + Uracil
Time (min) Time (min) 1015205 [Uracil] mM
0 1522 3 5 7 10 0 355 7 10 15 20 = 0.8+ -0
-- 10
AT S20° TN S0 2 (6 - 15
| g0 —o—0—0
é 0.4
e ——— AB - - - .- .. . AB a
P p—. BC — e e —— BC 0.2 -
—-—-— - - A I - A 0.0
[ —— o ——————— C o 5 10 15 20 25
Time (min)
d e 0 5 10 20 40 ntds
1.0+ 1.0~ 1.044 T L I
0.8
0.6 E
Follt o« -
e ——
o2, . -
0.0
0 10 2 30 40 0 10 20 30 40 0 2 4 6 8 10 12
Uracil Spacing (ntds) Uracil Spacing (ntds) <r>nm

Figure 1. Facilitated transfer of hUNG on ssDNA as determined by the “molecular clock” approach.® (a) Gel images of the site transfer assay
performed using S20% in the presence and absence of the uracil trap. We note the presence of a very small percentage (<1%) of the 3'-labeled BC
and C bands in the time zero lane. These bands result from a very small amount of uracil DNA glycosylase activity (<1% cleavage in a >2 h reaction
at 37 °C) in the commercially available 3’ terminal deoxynucleotidyltransferase enzyme used in the 3’ **P labeling of the DNA substrates. These
background bands were determined to have a neglible effect on the calculations of site transfer probabilities and initial rates. (b) Determination of
Pieans for S20% by linear extrapolation of P, (eq 1) to time zero. (c) Total transfer (P,,,;) as determined by the site transfer assay without the
addition of the trap (uracil). (d) Transfer by sliding (Py4.) by determination of site transfer at high trap concentrations. The solid line is a least-
squares fit to a random walk sliding model {P4. = E[kgige/ (kgige + ko) ], where N (the number of nucleotides squared) is the number of stochastic
steps taken during sliding transfers, and E is the efficiency of uracil excision} (see Figure 2 and eq 2). The dotted line is the same fit previously
obtained for double-stranded DNA.® (e) Spacing dependence of the hopping probability as determined by the difference between P, and Pgsq..
The mean distance between uracil sites was determined from the wormlike chain model.** The x-axis error bars for the mean square distance ({r))
are maximal and minimal values calculated using various experimental estimates of the persistence and contour lengths for ssDNA"'** (see the
Supporting Information). The shown data for ssDNA at § and 10 bp spacing were previously reported.® Py, was calculated as the average plateau
value for all data points performed at 10 or 15 mM uracil. For data obtained at 20 and 40 bp uracil spacings, P4, was determined from the average of
three replicate trials at each uracil concentration. The half-filled circle at zero site spacing in all panels is the efficiency of uracil excision when hUNG
has found a target site as determined in Figure 2 (E = 0.39 + 0.14 for ssDNA). All transfer probability errors represent the mean + one standard
deviation obtained from at least three replicate measurements at 0 mM uracil and six replicates at high uracil concentrations (three replicates each at
10 and 15 mM uracil).

(Figure 1b). Similar measurements were taken on the 40- encountered in ssDNA is only 0.39 + 0.14 (Figure 2 and
nucleotide ssDNA substrates, and the results are summarized in denoted by the half-filled circle in Figure 1c—e). Correcting the
Figure lc—e. Pyans values in Figure 1c for this efficiency (i.e., Py,,/E) yields
A unique feature of the transfer data for ssDNA substrates as the true site transfer probability for ssDNA, which is in the
compared to previous results with double-stranded DNA remarkably high range of ~0.6—1.0 for spacings from 40 to S
(dsDNA) is the flat dependence of Py, on uracil spacing nucleotides.
(Figure 1c). In fact, extrapolation of the data in Figure lc to Do ssDNA site transfers in the presence of uracil correspond
zero site spacing suggests that the maximal transfer efﬁciency is to chain shdlng’ It would be anticipated that the probability of
only around 50% for single-stranded DNA. One possible successful intramolecular transfer by sliding would follow a site
explanation for this limiting value is that once a uracil site is spacing dependence according to eq 3
encountered, hUNG then partitions evenly between falling off 2
the DNA and moving forward along the reaction coordinate to Page = ES ®)
excise the base (i.e, key/kog ~ 1). This ratio will serve to limit where E is the site excision efficiency at zero site spacing and S
excision events at the second site even if intramolecular transfer is the kinetic partitioning ratio [S = ky/(ky + ko)) that
is very efficient.”® Previous measurements of this partitioning describes the likelihood that the enzyme will slide along the
ratio for cleavage of uracil sites in dsSDNA by both the human DNA strand as opposed to dissociating after each sliding step
and Escherichia coli UNG enzymes established that uracil sites (n) during transfer”'?The square in eq 3 results from the
were processed efficiently when they were encountered (k,/k.g fundamental stochastic property of diffusion where the total
~ 5/1).® Here a similar pulse—chase rapid kinetic approach number of steps taken to traverse a given distance varies with
was used to measure a much lower k. /k.s of 0.64 for uracil the square of the separation in step length units (i.e., traversing
within a ssDNA context (Figure 2). This ratio indicates that the a site separation of 10-nucleotide step lengths would require an
efficiency (E, eq 2) of excising a uracil site once it is average of 100 total steps).”'> We used eq 3 to fit the observed
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Figure 2. Determination of the excision efficiency (E) for uracil cleavage by hUNG on ssDNA. (a) Rapid mixing scheme in which hUNG (4 M)
was reacted with 1.0 or 0.5 M 90mer DNA substrate containing a single uracil site [1XU* 90mer (Supporting Information)]. Both DNA
concentrations gave identical results. After mixing, the reaction was quenched with 0.5 M HCI or the mixture chased with 60 gM duplex DNA
containing a tetrahydrofuran abasic site mimic (chDNA). Following the chase, the reaction was then manually quenched with HCI at the indicated
times in panels b and c. (b) Separation of product and substrate bands by denaturing gel electrophoresis in the quenched and chased samples. Mock
denotes a control reaction in which the DNA was subjected to the exact processing procedure without the addition of enzyme. Note that the amount
of trapped product at the time of chase mixing (Pr*) must be obtained from Py, by subtracting the amount of product already present within the 2
ms aging time as determined by the acid-quenched samples. Thus, when 2 M UNG was mixed with 1 M substrate for 2 ms and the reaction was
quenched with 0.5 M HCI, 0.13 + 0.01 uM excision product was formed (Pq*) and 0.86 + 0.01 zM bound substrate was left unreacted (ES*).
Linear extrapolation to time zero is used to determine the amount of total product (P, = P+ P.*) formed and substrate (S;*) remaining at the
time of addition of the chase DNA. (c) When the acid quench was replaced with 60 #M F-containing DNA duplex (chDNA) to serve as a trap for
hUNG after it dissociated from the ES* complex, the 0.86 uM ES* present at 2 ms was converted to 0.53 + 0.08 uM free substrate (S;*), and 0.47
+ 0.08 uM was excised to form product (P*). Because P*/S*1 = k. /kos = 0.34/0.53 = 0.64, the average excision efficiency E = k,/ (ko + ko) =
Pr*/(Pr* + S*) may be directly calculated as be 0.39 & 0.14 from nine independent trials. Values are reported as the average + one standard
deviation. Control experiments in which the enzyme:substrate ratio was varied as well as the chase DNA concentration gave identical results and are
shown in Figure S2 of the Supporting Information.

transfer probabilities in the presence of uracil as a function of ssDNA (1—3 nm) is very short compared to that of dsDNA
nucleotide spacing between the two sites and compared the (50 nm)."*'* Thus, the largest uracil spacing of 40 nucleotides
results obtained with ssDNA to that of duplex DNA (Figure 1d, results in an average target site separation of only ~10 nm
dashed line). Within experimental error, the site transfer (Figure le). Moreover, eq 4 breaks down when a ~ r because
probabilities on ssDNA decrease with increasing site spacing the enzyme engages a length of DNA that is similar to the site
according to the expectations of a sliding mechanism. Using spacing (hUNG contacts at least five nucleotides of ssDNA)."
this model, the mean sliding length (defined as the uracil Intervening Abasic Sites Extend the Sliding Length of
spacing where Py, is diminished by 50%) is calculated as 19 hUNG. We used a modified method to analyze the transfer data
nucleotides, compared to only 4—S bp for duplex DNA (Figure for the DNA constructs that contained abasic sites due to a
1d, dashed line).® A discussion of whether the term “sliding” is large apparent site preference with some of these constructs
an appropriate descriptor for a 1D random walk on a flexible (Figure 3). This method (initial rate method) differs in that the
polymer like ssDNA is deferred to the Discussion. initial rates for formation of the individual fragments are

The probability of successfully hopping between two sites calculated first (vap, Ve, V4 and vc) and Py, is calculated using
{PhOP = PygPeturn [see Figure 1 of the preceding paper (DOL: eq 5,"" whereas previously we had calculated the site transfer
10.1021/bi301561d)]} separated by a linear distance r should using eq 1 at each time point and linearly extrapolated back to
follow the relationship of eq 4 time zero (extrapolation method).

B, = johd Prons = (s + 00 — vap — vpc)/(vy + g + vpp + Vc)

P (4) (s)
where g is the diameter of an idealized spherical target.g’12 For Both methods are equivalent; however, we find that using the
ssDNA, the average distances between target sites ((r)) must initial rates in the site transfer equation was more reliable and
be obtained using the wormlike chain model and experimental intuitive when a site excision or directional biases to transfer
estimates for the persistence and contour lengths of ssDNA at were present (v,p # Ve, OF U # v,). As previously described,""
the salt concentration used in these experiments (Supplemental the initial rates for formation of the individual fragments
Methods of the Supporting Information).'*'* describe four possible mechanistic scenarios as follows (Figure

Although eq 4 describes very well the transfer probability of 3). In case 1, when vy = vy = vo = vy, there is no site
human and E. coli UNG for site spacings in duplex DNA preference and only primary excision events occur. In case 2,
between 20 and 800 bp,”® this relationship fails to account for when v, = v, > vpp = vpc, there is no site preference but
the flat distance dependence of Py, in ssDNA (Figure le). This directionally unbiased intramolecular transfers lead to con-
result is not unexpected because the persistence length of sumption of the AB and BC intermediates. In case 3, when vpc
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Biochemistry

CASE 1 CASE 2
s AC 5
g g AC ABEBC
c c
[ [
Q Q
s AB BC <
o o
Time ' Time
CASE 3 CASE 4 A
5 ABC 5
g g ¢
c C AB §
e g BC
3 3 AB
Time Time

Figure 3. Possible outcomes for site transfer measurements as
determined using the method of initial rates (adapted from ref 11).
The cartoon panels depict the initial time courses for formation of
cleavage products AB, BC, A, and C. In case I, hUNG is processive
with an equal preference for both sites, resulting in a larger initial
velocity for products A and C than for AB and BC. In case II, hUNG is
fully distributive in its reaction and the enzyme dissociates from the
DNA after each single excision event, after which it reaches an
equilibrium with all DNA substrate molecules. In case III, hUNG is
fully distributive but reacts preferentially at site 1 as compared to site 2,
generating more of fragments A and BC. In case IV, hUNG is
processive but also has a site preference. As shown in the Results and
Supporting Information, an apparent site preference may result from
either an excision preference or biased transfer in one direction.

= v, and v,z = v, a site preference exists but only primary
excision events occur. In case 4, when vy, # vc > vpp # V3o 2
site preference or directionally biased transfer is indicated,
which cannot be distinguished unless other information is
available.

Substrates containing one or more intervening F residues
were designed with S, 11, and 19 bp uracil site spacings (Figure
4). These uracil spacings are equal to or greater than the
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Figure 4. Structure of the tetrahydrofuran abasic site mimic (F) and
design of the uracil substrates containing intervening F residues.

previously determined sliding length of ~4 bp for dsDNA and
allow investigation of the effects of intervening abasic sites on
both hopping and sliding efficiencies. The substrates SSF, S11F,
and S19F were designed to have identical 2 or 3 bp sequences
surrounding the uracil target sites, and the F residues were
located no closer than 2 bp from the uracil sites to minimize
possible direct effects on the catalytic complex. In addition,

2540

with the aim of increasing the probability of successful sliding
between F sites, each intervening site was separated by 3 bp,
which is shorter than the sliding length on duplex DNA. Thus,
the substrate with the S bp uracil spacing contained one F site;
the substrate with an 11 bp spacing contained two intervening
F sites, and the 19 bp site spacing contained four F sites [SSF,
S11F, and S19F (Figure 4)]. The effect of multiple abasic site
substitutions on the structure of the local intervening DNA
cannot be obtained, but it is reasonable to expect that a
dynamic equilibrium between structures that resemble locally
unpaired and paired strands might exist. Although it is certainly
desirable to understand the structural effects of these
pseudoabasic site constructs, measurement of the transfer
effects does not require knowledge of structure. Of course,
interpretation of the observed effects must be made with this
uncertainty in mind.

We collected site transfer data for SSF, S11F, and S19F in the
presence and absence of uracil; the collective data are provided
in Figure S3 of the Supporting Information, and the individual
analyses of the velocity data are shown in Figure S. An
interesting aspect of the transfer reactions using the F
substrates was the fact that the apparent initial velocities for
primary excision events at site 1 (vyc) and 2 (v,5) became
increasingly divergent as the site spacing increased, indicating a
site preference. Indeed, a plot of vgc/v,p against site spacing
shows that the ratio is essentially unity at the S bp uracil spacing
and increases to almost 10 at the 19 bp spacing (Figure Sa). For
substrate SFS (Figure Sb,e), the transfer measurements in the
absence and presence of uracil correspond to case 1 in Figure 3
(i-e., no site preference with facilitated transfers by hopping and
sliding). For substrates S11F (Figure Sc,f) and S19F (Figure
5d,g), the measurements correspond to case 4 (a small or large
site preference, with facilitated transfers). It is notable that no
previously investigated duplex or single-stranded substrates for
hUNG have displayed a site preference, and that the large
preference for site 1 appears only as the site spacing is
increased.

Numerical simulations were used to explore possible
interpretations for the large preference for excision at site 1
in S19F (Supplemental Methods of the Supporting Informa-
tion). These simulations confirmed that the data cannot
distinguish between three scenarios: (i) a greater rate of
cleavage at site 1 than at site 2, resulting in low levels of
fragment AB compared to BC, (ii) a preference for transfer in
the site 2 — site 1 direction (which would consume AB
efficiently to make A, or (iii) a combination of both
mechanisms.

To distinguish between these possibilities, substrates that
were identical to SI9F but contain only a single uracil site were
designed (Figure 6a). Single-turnover measurements confirmed
that the rates of uracil cleavage (k) at each uracil site (5’ or 3")
to the intervening F residues were identical (Figure 6). Another
possibility for these results would be a difference in the excision
efficiency between the two sites as described above for ssDNA.
Using a trapping approach identical to that described above for
the ssDNA substrate, we determined that the efficiency (E) of
cleaving a uracil once the site is located is identical for each site
(0.92 + 0.12 for the &’ site and 0.86 + 0.04) (Figure S4 of the
Supporting Information). These results establish that there is
no difference in off rate once hUNG has landed on either uracil
site. Therefore, the only reasonable explanation for the
observed site preference is preferential transfer in the site 2
— site 1 direction.
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uracil trap concentrations (three trials each at 10 and 15 mM). A raw comparison showing equivalence of the initial rates and extrapolation method is
presented in Table S1 of the Supporting Information.
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Figure 6. Single-turnover kinetic measurements of uracil cleavage from each site in the F-containing DNA substrate S19F. (a) Substrate design and
representative gel showing separation of the substrate and product as a function of aging time in the rapid mixer using final concentrations of 4 M
hUNG and 280 nM substrate DNA (S’ or 3’ site). (b) Fraction of substrate as a function of aging time. The least-squares fit is to a single exponential
that provides the rate of cleavage of uracil from DNA. The determined rates were independent of enzyme concentration and identical within error:
ke, (5 site) = 239 + 19 57! and k,, (3’ site) = 226 + 17 s™', where the error is the standard error of the least-squares fit as determined using
GraphPad Prism. The data points shown are the averages + the standard deviation (n = 3) of data points determined using 4 and 8 M hUNG and
280 nM DNA substrate.

A summary of the overall site transfer properties for these which is considerably longer than that of duplex DNA where
substrates is presented in Figure 7. Notably, the uracil sliding persists over only 4—S bp.® Although the molecular
origin of the increased site transfer in the 5" — 3’ direction is
not fully discernible, it is clear that the site transfer properties,
including the apparent sliding length of hUNG, are very much

insensitive or sliding pathway (Py4.) persists at 11 and 19 bp,

1.0 Ml Psice context-dependent
0.8 O Phoo b '
2 0.64 Bl DISCUSSION
n:n':u 0.4 hUNG is unique among DNA glycosylases in that it has the
’ catalytic flexibility to remove uracils from both duplex and
0.24 single-stranded DNA with almost equivalent efficiency and thus
provides a valuable system for understanding intramolecular
0.0 site transfer within a variety of DNA contexts. Although the

SSF S11F S19F action of hUNG on uracils in ssDNA has not been directly

established in vivo, the process of somatic hypermutation of Ig
genes in B cells involves enzymatic deamination of cytosines by
AID in ssDNA that forms transiently during active transcription
of these genes."” Indeed, AID has been shown to be highly

Figure 7. Facilitated site transfer properties of hUNG on uracil DNA
constructs containing intervening F sites. The total transfer (Py,,) is
the sum of the trappable pathway or uracil sensitive (Py,,) and the
untrappable or uracil insensitive pathway (Pyq.). Errors represent the

mean =+ one standard deviation determined from at least three trials at processive in deaminating neighboring cytosines leaving behind
0 mM uracil and six at high uracil concentrations (three replicates each clusters of closely but not uniformly spaced uracils, similar to
at 10 and 15 mM uracil). the spacing in our assays here."®™"® Thus, it seems hUNG acts
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on uracils positioned within a variety of contexts, including
ssDNA and uracils positioned among neighboring abasic sites.

Does hUNG “Slide” on ssDNA? Our data with ssDNA
substrates unambiguously show that hUNG can efficiently
transfer between uracil sites in ssDNA and that transfers persist
even in the presence of the uracil trap, which is at least
phenomenologically consistent with “sliding” (see the Results
and Figure 1d). Despite this apparent sliding behavior on the
ssDNA platform, it should be noted that rigorous interpretation
of the observed transfer behavior with ssDNA is inherently
more complicated than that with dsDNA because of several
intrinsic properties of ssDNA.

Boundary estimates for one-dimensional sliding of hUNG on
duplex DNA have been previously determined (ref 8 and DOL:
10.1021/bi301561d), and it is of interest to perform a similar
analysis for ssDNA to gain insights into the possible nature of
sliding on ssDNA compared to dsDNA. Calculation of a lower-
limit 1D diffusion constant for sliding transfers requires
knowledge of the mean sliding length on ssDNA (Lg4.) and
the lifetime of binding to nontarget ssDNA (7y;,q = 1/k.g). The
required value for Lg4. (19 nucleotides) may be obtained from
Figure 1d, and a value for 7,4 (=1/Kp™ X k,, = 4 ms) may be
estimated from (i) measurements of the nonspecific ssDNA
binding affinity of hUNG as measured by fluorescence
anisotropy [Kp™ = 2.0 = 0.3 uM (Figure SS of the Supporting
Information)] and (ii) the diffusion-controlled on rate for
reaction of ssDNA substrate DNA [k,, = 1.1 X 108 M~! s7!
(Figure S6 of the Sugporting Information)]. Insertion of these
parameters into eq 6  gives a D; value of 8 X 10* nucleotides®
s
1)1 — leide2
(6)

This value may be converted to standard distance units using a
contour length for ssDNA of 0.6 nm under the low-salt
conditions employed here,">'* which gives a D; (ssDNA) of 3
X 1072 um?* s7' (Supplemental Methods of the Supporting
Information). This value may be compared with the boundary
limits for duplex DNA that were calculated using two limiting
cases: (i) one in which hUNG during its entire bound lifetime
is in a conformation that is competent for sliding (D, = 0.07 X
1072 um? s7') and (ii) one in which hUNG is in a
conformational state that is competent for sliding only 5% of
its total bound lifetime (D, = 1.4 X 1072 um? s7%).® As
discussed in the previous paper in this issue, these boundary
conditions were estimated on the basis of NMR studies of the
conformational dynamics of hUNG bound to nonspecific DNA
(ref 19 and DOI: 10.1021/bi301561d).

The calculations described above indicate that the apparent
D, for ssDNA (calculated using a sliding time equal to the total
bound lifetime) is 40 times larger than the corresponding value
for duplex DNA. Thus, substantial differences in the
interactions or mechanism of sliding between ssDNA and
duplex DNA are clearly apparent. The smaller diffusion
constant for sliding on duplex DNA is not likely to arise
from its higher charge density as compared to that of ssDNA
because methylphosphonate substitution does not reveal any
evidence of a strong electrostatic component to sliding (DO
10.1021/bi301561d). Because there are no structures of long
ssDNA molecules bound to hUNG,**>* it is quite possible
that the flexible polymer nature of ssDNA may allow
interactions over a more extended binding surface of hUNG

Thind
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than the more rigid duplex DNA polymer. Such an extended
surface for ssDNA, and even “scrunching” of the polymer,
could lead to longer apparent sliding lengths and correspond-
ingly larger calculated diffusion constants (see above). Another
possible explanation for the smaller diffusion constant for
duplex DNA is that sliding on duplex DNA involves the
increased frictional resistance arising from rotation-coupled
diffusion along the helical DNA chain while sliding on ssDNA
does not.**** Additionally, we note that facilitated diffusion on
ssDNA has been previously observed in bulk solution and
single-molecule measurements of the AID family member
cytidine deaminase APOBEC3G.>%*

Mechanism of Directional Bias during Reaction at
Clustered Uracils. Although some enzymes such as helicases
and DNA polymerases can use the free energy of nucleotide
hydrolysis to move directionally along DNA, the movement of
DNA glycosylases is driven only by thermal energy and thus
would not be expected to have directional bias. Indeed, we have
always found that there is no 5’ or 3’ directional bias for
transfer of hUNG between uracil sites in duplex or single-
stranded DNA.”® However, the expectation of no directional
bias for a thermally driven transfer process might be negated if
the intervening DNA chain connecting the sites contained high-
affinity regions that served as thermodynamic sinks to pull the
enzyme in a biased direction.

Here we have shown that insertion of high-affinity and
flexible abasic site mimics between two uracil target sites can
increase the average apparent sliding length of hUNG by 5-fold.
This finding suggests that when hUNG acts on clustered uracils
(resulting in clustered abasic sites) its search strategy is
modified to increase the local search efficiency by sliding. An
unexpected result in these studies was the observed 3’ — 5’
directional bias observed for S19F (Figure Sd). While the exact
mechanism of this directionally biased transfer is not easily
discernible, the data would seem to require asymmetric
interactions of hUNG with the DNA, because the only
difference between the two uracil target sites is whether the F
sites lie 3" or 5’ distal to the uracil. Recent H—D exchange mass
spectrometry experiments have provided evidence of an
asymmetry in the interaction of hUNG with a 30mer duplex
DNA containing an F site.”® These data suggested a previously
undetected DNA binding surface of the enzyme that could
interact with the DNA 3’ to the product site. Thus, one reason
that directionality may appear in these abasic constructs and
not normal DNA is that binding to the newly detected DNA
binding region is favored by the introduction of duplex-
destabilizing lesions that allow more facile DNA bending. This
is also consistent with previous studies showing that hUNG
favors binding to destabilized base pairs.””*° It is not known
whether the 3° — 5’ bias is merely related to an inherent
asymmetry in the hUNG DNA binding mode or if a larger
functional significance for this behavior exists in a biological
context.

B CONCLUSION

This report establishes that hUNG can change its search mode
in the direction of longer DNA sliding events when it is
confronted with ssDNA and clustered lesions such as abasic
sites. This property is likely to be relevant during adaptive
immunity, as selective patterning of uracil cleavage events has
been shown to be important in the controlled mutagenesis of
immunoglobin hypervariable sequences.”’ Additionally, it is
envisaged that facilitated sliding will be important in other
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regions of the genome where destabilized or ssDNA persists
such as replication foci or regions of high negative supercoiling.
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