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Abstract 
 
 Human cells express the UDG superfamily of glycosylases, which excise uracil (U) from 
the genome. The three members of this structural superfamily are uracil DNA glycosylase 
(UNG/UDG), single-strand selective monofunctional uracil DNA glycosylase (SMUG1), and 
thymine DNA glycosylase (TDG). We previously reported that UDG is efficient at removing U 
from DNA packaged into nucleosome core particles (NCP) and is minimally affected by the 
histone proteins when acting on an outward-facing U in the dyad region. In an effort to determine 
whether this high activity is a general property of the UDG superfamily of glycosylases, we 
compare the activity of UDG, SMUG1, and TDG on a U:G wobble base pair using NCP assembled 
from Xenopus laevis histones and the Widom 601 positioning sequence. We found that while UDG 
is highly active, SMUG1 is severely inhibited on NCP and this inhibition is independent of 
sequence context. Here we also provide the first report of TDG activity on an NCP, and found that 
TDG has an intermediate level of activity in excision of U and is severely inhibited in its excision 
of T. These results are discussed in the context of cellular roles for each of these enzymes. 
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1. Introduction 
 
 Cellular DNA is exposed to a wide variety of both exogenous and endogenous damaging 
agents, and the resulting lesions may carry mutagenic, apoptotic, or transformative potential for 
the cell. Nucleobase lesions, for example the deamination of C to U, are repaired via the base 
excision repair (BER) pathway (1, 2). A DNA glycosylase, such as a uracil DNA glycosylase, 
recognizes and cleaves the glycosidic bond of the U, creating an abasic site that is subsequently 
incised by apurinic/apyrimidinic endonuclease 1 (APE1). Polymerase  (pol) then removes the 
deoxyribosephosphate (dRP) and inserts a C opposite the unpaired G, and ligase seals the nick (1). 
Humans have a total of four glycosylases responsible for removing U lesions: uracil DNA 
glycosylase (UNG/UDG), single-strand selective monofunctional uracil DNA glycosylase 
(SMUG1), thymine DNA glycosylase (TDG), and methyl binding domain 4 (MBD4) (2). With the 
exception of MBD4, the human uracil glycosylases belong to the structural UDG superfamily of 
glycosylases (2, 3). This structural superfamily is defined by a common central / fold 
(highlighted in royal blue in Fig. 1A-C) (3). 
 

 
Fig. 1. Graphical representation of co-crystal structures of uracil DNA glycosylases bound to 
duplex DNA, structure of an NCP, and U:G base pair. (A) UNG2 (PDB 1emh), (B) SMUG1 (PDB 
1oe4), and (C) TDG (PDB 5hf7) bound to DNA with the central fold highlighted in royal blue and 
oriented using the  sheet motif. The helical wedge unique to SMUG1 is highlighted in orange. 
(D) Merged crystal structure of an NCP containing Widom 601 DNA (PDB 3lz0) and a histone 
octamer including histone N-terminal tails (PDB 1kx5). The U lesion is highlighted in red using 
PyMol and the dyad axis is indicated by an arrow. The DNA strand containing the U is numbered 
from the 5'-end (Widom 601 “i” strand), with the lesion located at position 75. (E) U:G wobble 
base pair used in this study as a mimic of C deamination.  
 
 Though all three members of the UDG superfamily remove U, their substrate specificities 
and roles within the cell differ dramatically. UDG has the narrowest range of substrates and is able 
to excise U from single-stranded (ss) DNA, U opposite A or G from duplex DNA, and 5-
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fluorouracil (5FU) opposite A (4-6). UDG is expressed at high levels and is upregulated during S-
phase to remove U misincorporated from the dNTP pool (6). It is noteworthy that UDG is the only 
member of the superfamily to have a mitochondrial isoform (UNG1), which alone is responsible 
for the removal of U from the mitochondrial genome (3, 7). SMUG1 has increased substrate 
tolerance relative to UDG, with the ability to excise U from ssDNA, U opposite A or G, and 
halogenated and oxidized uracil derivatives (6, 8-11). Unlike the other two members of the 
superfamily, SMUG1 does not undergo cell cycle regulation, but rather is expressed at constant, 
low levels (6). Interestingly, SMUG1 tends to accumulate in nucleoli (6), which contain both 
regions of active transcription and condensed chromatin (12). Like SMUG1, TDG has a wider 
substrate range than UDG, able to excise U or T opposite G, and a variety of U and C derivatives, 
including the oxidation products of the epigenetic silencer 5-methylcytosine (5mC), from duplex 
DNA with greater efficiency in CpG sequence contexts (13-22). TDG, furthermore, interacts with 
a diverse array of proteins, including chromatin remodelers, transcription factors, and other DNA 
repair proteins (23-29). The regulation of TDG is maintained through post-translational 
modifications (PTM) (23, 28, 30-33) and degradation of the protein at the G1/S transition (34, 35).  
  

The biochemical activities of these glycosylases have been characterized in duplex DNA, 
however there have been fewer examinations of UDG and SMUG1 activity on chromatin or 
packaged DNA (36-40). The studies on packaged DNA have revealed that UDG and SMUG1 
activity is generally lower than on duplex, and that local dynamics of the DNA and associated 
proteins can modulate activity. There are not any reports of TDG activity on packaged DNA. The 
nucleosome core particle (NCP) is the most basic unit of DNA packaging (41). It consists of 145-
147 bp wrapped ~1.7 times around a core of histone proteins and has a two-fold rotational axis of 
pseudosymmetry called the dyad axis (Fig. 1D). We recently reported that UDG is unique among 
a group of glycosylases representing four structural superfamilies in its ability to excise an 
outward-facing and highly solution-accessible lesion at the often-studied dyad axis region of an 
NCP with activity comparable to duplex (38). These results led us to question whether the high 
activity is a property of the entire UDG superfamily or solely of UDG. Here we report that, unlike 
UDG, SMUG1 exhibits sharply reduced activity for excising an outward-facing U at the dyad 
relative to U in duplex DNA, while TDG displays intermediate levels of activity. Implications of 
these observations for the potential biological roles of these glycosylases is discussed. 

 
2. Materials and Methods 
 
2.1 Oligonucleotide synthesis and purification 
 
 Oligonucleotides were synthesized using a MerMade 4 (BioAutomation) DNA synthesizer 
using standard phosphoramidite chemistry. The reagents used for synthesis were from Glen 
Research. The final dimethoxytrityl (DMT) group was retained for HPLC purification at 90 C 
(Agilent PLRP-S column, 250 mm  4.6 mm; A= 100 mM triethylammonium acetate [TEAA] in 
5% [v/v] aqueous acetonitrile [MeCN], B= 100 mM TEAA in MeCN; 5:95 to 30:70 A:B over 30 
min at 1 mL/min). Oligonucleotides were subject to detritylation through incubation for 60 min at 
room temperature in 20% (v/v) aqueous glacial acetic acid. The reaction was quenched by ethanol 
precipitation. A second round of HPLC was then performed at 90 C (Agilent PLRP-S column, 
250 mm  4.6 mm; A= 100 mM triethylammonium acetate [TEAA] in 5% [v/v] aqueous 
acetonitrile [MeCN], B= 100 mM TEAA in MeCN; 0:100 to 25:75 A:B over 40 min at 1 mL/min). 
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2.2 Preparation of 145mer oligonucleotides 
 

145mer oligonucleotides were assembled by ligation of shorter strands (Scheme S1). The 
component oligonucleotides were 5'-phosphorylated in 2 mM ATP by T4 polynucleotide kinase 
(New England BioLabs). Phosphorylated oligonucleotides were annealed in a 1:1 ratio with 
scaffolds by heating to 95 C for 5 min and cooling at a rate of 1 C/min to 25 C. The annealed 
oligonucleotides were ligated overnight at room temperature by T4 DNA ligase (New England 
BioLabs). The full-length 145mer oligonucleotides were then purified by 8% denaturing PAGE 
(0.8 mm thickness). The concentrations of oligonucleotides were determined by absorbance at 260 
nm using molar extinction coefficients calculated by OligoAnalyzer 3.1 (www.idtdna.com).  
 
2.3 Glycosylase expression and purification 
 

Recombinant human TDGFL (full length) and TDG82-308 (residues 82-308 of 410 total) were 
expressed in Escherichia coli and purified essentially as previously described (19), except that the 
final chromatographic step for purification of TDGFL employed a Mono Q anion exchange column 
(GE Healthcare). E. coli UDG and human SMUG1 were purchased from New England BioLabs. 
E. coli UDG is over 55% identical and 73% similar to human UNG, with the active site completely 
conserved (42). Furthermore, E. coli UDG and human UNG are highly similar in overall 
conformation, with root mean square deviation of <1 Å with C alignment (43). We note that 
several studies have examined the activity of both E. coli UDG and human UNG and both enzymes 
generally have activity in excising U from NCP (36-39, 44). The concentrations of UDG and 
SMUG1 were determined by Bradford assay against -globulin standards (Bio-Rad Laboratories), 
while the concentrations of TDGFL and TDG82-308 were determined by absorbance at 280 nm (19).  
 
2.4 Reconstitution of nucleosome core particles 
 
 The expression and purification of recombinant histone proteins from X. laevis and histone 
octamer assembly were performed according to the published method of Luger and colleagues (45, 
46). Reconstitution of NCP were carried out via the salt dialysis method as reported previously 
(37-39). More specifically, a Slide-a-Lyzer MINI dialysis device (0.1 mL capacity, 3.5 kDa 
MWCO; Thermo Fisher Scientific) was equilibrated for 30 min at 4 C in deionized water followed 
by 10 min in buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1 mM dithiothreitol [DTT], 2 M 
NaCl). 5'-32P-labeled 145mer U- or T-containing lesion strand was annealed to its complement 
(1:1.05 lesion strand:complement strand) by heating to 95 C for 5 min and cooling at a rate of 1 
C/min to 25 C in 10 mM Tris-HCl (pH 8.0), 30 mM NaCl. The annealed lesion-containing 
duplexes were used in the NCP reconstitution as well as for the analogous duplex control 
experiments. 20 L (5'-UpG/CpG-3' or 5'-TpG/CpG-3' duplex) or 50 L (5'-UpT/ApG-3' duplex) 
of 1 M duplex was added to the dialysis device and equilibrated for 30 min prior to the addition 
of histone octamer which was in 10 mM Tris-HCl (pH 7.5), 1.8 M NaCl, 42% (v/v) glycerol (1:1.05 
duplex:octamer). The NaCl concentration in the dialysis buffer was lowered stepwise every hour 
(1.2 M, 1.0 M, 0.6 M, 0 M). The final dialysis in 0 M NaCl was performed for 3 h. The samples 
were then filtered by centrifugation at 14,000 rpm for 5 min in a Spin-X Centrifuge Tube Filter 
(0.22 m, Corning Incorporated) to remove precipitated products. The formation of NCP was 
confirmed by 7% non-denaturing PAGE (60:1 acrylamide:bisacrylamide, 0.25X TBE; 3 h at 150 
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V, 4 C). A representative non-denaturing gel is shown in Fig. S1. Only NCP preparations for 
which there was < 5% duplex (as determined by densitometry) were used for kinetic experiments.  
 
2.5 Glycosylase kinetics experiments 
 

Samples of 5'-32P-labeled U- or T-containing substrate and glycosylase were prepared. The 
substrate samples contained 40 nM DNA (duplex or NCP) in Buffer TNK [20 mM Tris-HCl (pH 
8.0), 25 mM NaCl, 75 mM KCl, 1 mM EDTA, 1 mM DTT, 200 g/mL BSA]. SMUG1 and UDG 
(1.28 M) solutions were prepared in Buffer TNK. TDG (800 nM), both TDGFL and TDG82-308, 
was prepared in Buffer TNK plus 8% (v/v) glycerol. The substrate and glycosylase samples were 
pre-incubated at 37 C for 2 min, followed by mixing of equal volumes (8 L each) of DNA 
substrate and glycosylase for a final reaction condition of 20 nM DNA substrate, 640 nM UDG or 
SMUG1 in Buffer TNK; or 20 nM DNA substrate (duplex or NCP), 400 nM TDGFL or TDG82-308 
in Buffer TNK plus 4% (v/v) glycerol. Enzyme concentrations were selected to ensure single-
turnover (STO) conditions and the same kobs was observed in experiments performed at 2-fold 
higher concentration of glycosylase. Reactions were incubated at 37 C and quenched by the 
addition of 16 L 1 M NaOH (final concentration 500 mM). For each time course two negative 
controls were included. The no enzyme sample (-E) was prepared by mixing 8 L DNA substrate 
with 8 L Buffer TNK, and incubation at 37 C for the longest time point followed by addition of 
16 L 1 M NaOH quench. The quench control (QC) sample was prepared by mixing 8 L DNA 
substrate with 16 L 1 M NaOH quench, followed immediately by mixing with 8 L glycosylase 
and incubation at 37 C for the longest time point. This control serves not only to identify any 
baseline levels of damage in the strands, but also to confirm that the quench is immediate. To 
evaluate whether low product yields were the result of loss of enzyme activity, a separate control 
was used (marked “120*” in Fig. S3 and “60*” in Fig. S5). For these two reactions, the reactions 
were initiated as described above. At either 60 min (Fig. S3) or 30 min (Fig. S5), an additional 8 
L 1.28 M SMUG1 (Fig. S3) or 800 nM TDGFL or TDG82-308 (Fig. S5) were added. The reactions 
were incubated for another 60 min (SMUG1, Fig. S3) or 30 min (TDGFL or TDG82-308, Fig. S5) 
followed by addition of 24 L 1 M NaOH quench. All samples were then heated at 90 C for 2 
min to produce strand breaks at abasic sites. DNA from NCP substrates was isolated from the 
histone proteins via 25:24:1 phenol:choloroform:isoamyl alcohol extraction. All samples (NCP 
and duplex) were desalted via ethanol precipitation. DNA substrate and product were resolved by 
8% denaturing PAGE, imaged by phosphorimagery, and quantitated by densitometry. 
 
 The fraction product, Fp, at each time point t was determined as follows: 
 

𝐹𝑝(𝑡) =
𝑝(𝑡)

𝑠(𝑡) + 𝑝(𝑡)
 

 
in which s(t) and p(t) represent the densities of substrate and product bands, respectively, at time 
t. The product yield at each time point, P(t), was corrected for baseline levels of damage as follows: 
 

𝑃(𝑡) =
𝐹𝑝(𝑡) − 𝐹𝑝(0)

1 − 𝐹𝑝(0)
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in which Fp(0) is the fraction product in the QC sample. The product yield for each time course 
was plotted as a function of time and fit using nonlinear least-squares regression to the modified 
first-order integrated rate law: 
 

𝑃(𝑡) = 𝑃(∞)(1 − 𝑒−𝑘obs𝑡) 
or 
  

𝑃(𝑡) = 𝑃1(∞)(1 − 𝑒−𝑘obs,1𝑡) + 𝑃2(∞)(1 − 𝑒−𝑘obs,2𝑡) 
 
where P(t) is the product yield at time t, P(∞) is the maximum product yield (Kaleidagraph). 
Double exponential fits were used when single exponential fits yielded R2 values <0.95. Reaction 
rates, kobs, and product yield were reported from the fits. The reported rates represent mean  
standard error. All time courses with NCP were performed on at least two separate NCP 
reconstitutions.  
 

Rates on duplex substrates were compared by analysis of variance (ANOVA) followed by 
a post hoc Tukey test (=0.01). Rates on NCP substrates were compared separately by ANOVA 
followed by a post hoc Tukey test (=0.01). All rates and product yields were compared to the rate 
of UDG on duplex using ANOVA followed by a post hoc Tukey test (=0.01). Within individual 
glycosylases, rates and yields on duplex and NCP were compared by two-tailed Welch’s t test 
(=0.01).  ANOVA, specifically, was used for multiple comparisons while Welch’s t test was used 
only for single pairwise comparisons. All statistical tests were performed using R. Here we 
consider p <0.01 to be significant. 
 
 
3. Results 
 
3.1. Rationale and experimental design 
 
 In a previous survey of five glycosylases, we observed that UDG is exceptional in its rapid 
excision of an outward-facing lesion from the dyad region of an NCP (38). In light of this 
observation, we sought to examine whether this result is unique to UDG, or is a property of the 
UDG superfamily of glycosylases. We designed a substrate based on the 145 bp Widom 601 DNA 
sequence and containing a U:G wobble bp at position 75, the same location as our previous work 
(Fig. 1D and E; Scheme S1) (38). The Widom 601 sequence binds the histone octamer core in a 
single orientation, producing a homogenous population of NCP (47). We chose a U:G bp 
mimicking the deamination of a C:G bp as recent reports have shown that mice lacking both UNG 
and SMUG1 have higher levels of U resulting from C deamination (48). The U:G bp was 
positioned within a CpG dinucleotide (5'-UpG/CpG-3') as TDG shows the highest activity in this 
sequence context (17). Neither UDG nor SMUG1 are biased for or against this sequence context 
in duplex (6). Furthermore, the tumors of mice lacking both UNG and SMUG1 have increased 
incidence of C to T transition mutations specifically in CpG dinucleotides, demonstrating a role 
for these two glycosylases in the maintenance of CpG sites (48).  
 

Given the severe product inhibition of both SMUG1 and TDG (6, 49), and to a lesser extent 
UDG (50), we performed all experiments under single-turnover (STO) conditions, with an excess 
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of glycosylase over substrate. Under these conditions, the observed rate (kobs) is reflective of the 
slowest kinetic step up to and including chemistry, where chemistry is cleavage of the glycosidic 
bond. 
 
3.2. Rapid excision of uracil from duplex and NCP by UDG 
 
 When UDG is incubated with the U:G duplex control, product rapidly accumulates with a 
kobs of 24.9  1.2 min-1, which is comparable to rates previously reported for UDG acting on 145 
bp duplex (Fig. 2A, Table 1) (38, 39). Though this kobs is significantly slower than excision of U 
from a 19 bp duplex (50), similar discrepancies between STO values on longer duplexes have been 
observed for other glycosylases (38) and are likely due to increased nonspecific binding (51). We 
also observed rapid product formation using ssDNA, consistent with the known activity of UDG 
on such substrates (Fig. S2). Since kobs for UDG excision of U from duplex is the fastest observed 
in this work, we used it as a benchmark for comparison of all other glycosylases and substrates. 
 

In accordance with our previous observation (38), UDG rapidly excises an outward-facing 
U from the dyad region of an NCP with kobs of 5.7  0.4 min-1 (Fig. 2B, Table 1), a rate that is only 
~4-times slower than that observed for duplex. On both NCP and duplex, UDG exhibits 
monophasic kinetics. 
 

 
Fig. 2. Single-turnover kinetics of UDG superfamily of glycosylases. Kinetic time courses were 
used to evaluate the excision of U from a U:G bp in (A) duplex DNA and (B) NCP. Reactions 
consisted of 20 nM substrate (duplex or NCP), 640 nM SMUG1 or UDG in Buffer TNK and 400 
nM TDGFL or TDG82-308 in Buffer TNK plus 4% (v/v) glycerol. Data were fit to a single or double 
exponential equation (see Materials and Methods). Error bars represent standard error (n=3 for all 
duplex, TDG82-308 on the NCP; n=4 for UDG, SMUG1, and TDGFL on the NCP). Black circles(⚫), 
UDG; red squares (◼), SMUG1; blue diamonds (◆), TDGFL; green triangles (), TDG82-308. 
 
3.3. SMUG1 exhibits differential activity on duplex and NCP substrates 
 
 SMUG1 rapidly excises U from the duplex control and complete conversion to product 
was observed as previously reported (36), with kobs of 2.1  0.1 min-1 (Fig. 2A, Table 1).  
 

Table 1. kobs Values and Product Yield for U:G in Duplex DNA and NCP. 
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Enzyme Substrate kobs min-1 (Fraction product)a 

UDG Duplex 24.9  1.2 (0.98)  
NCP 5.7  0.4 * (0.98)  

SMUG1 Duplex 2.1  0.1 * (0.99)  
NCP 1.1  0.6 * (0.04) (4.9  4.2)10-3 * (0.21) 

TDGFL Duplex 6.2  0.4 * (0.98)  

NCP 3.4  0.9 * (0.09) 0.03  0.01 * (0.62) 
TDG82-308 Duplex 7.2  1.7 * (0.98)  

NCP 1.2  0.2 * (0.18)  0.04  0.01 * (0.65) 
aRates reported as mean  standard error (n=3 for duplex substrates, TDG82-308 
NCP; n=4 for UDG, SMUG1, TDGFL NCP substrates). Asterisk (*) denotes 
p<0.01 compared to UDG duplex. 

 
When SMUG1 is incubated with the NCP, striking differences are observed when 

compared to UDG. SMUG1 does not fully convert the NCP substrate to product, consistent with 
previous reports (36), and in fact, exhibits very little product formation (Fig. 2B, Table 1). 
Supplementing the reaction with more SMUG1 after the longest reaction time does not result in a 
substantial increase in product, indicating that the low level of product formation is not the result 
of SMUG1 losing activity over the course of the reaction (Fig. S3). Also in contrast to UDG, 
SMUG1 exhibits biphasic kinetics on the NCP and the rates are significantly different from UDG 
on both duplex and NCP. 
 

Though SMUG1 does not exhibit strong sequence bias in duplex DNA, it does exhibit bias 
against U in a 5'-UpG-3' ssDNA context, as would be formed by deamination of C in a CpG 
dinucleotide (11). Given the sequence preferences of SMUG1 on ssDNA, we questioned whether 
the low SMUG1 activity on the NCP reflects a sequence preference. We performed experiments 
on ssDNA, duplex, and NCP substrates in the 5'-UpT/ApG-3' sequence context, as SMUG1 
displays a preference for this sequence context in ssDNA (11) (Fig. 3, Table S1). In accordance 
with a previous report (11), we observed a bias against 5'-UpG/CpG-3' in ssDNA but not duplex 
substrates. In the NCP, we again observed biphasic kinetics; however, there was no significant 
difference in either product accumulation or between the fast rates or the slow rates in the two 
sequence contexts. Overall, we observed similar results for both sequence contexts in both duplex 
and NCP. 
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Fig. 3. Single-turnover kinetics of SMUG1 activity in different sequence contexts. (A) Kinetic 
time courses were used to evaluate the excision of U in ssDNA substrates in 5'-UpT-3' (dashed 
line) and 5'-UpG -3' (solid line) sequence contexts. Reactions consisted of 20 nM DNA substrate, 
640 nM SMUG1 in Buffer TNK. Data were fit to a single exponential equation. Error bars 
represent standard error (n=2 for 5'-UpT-3'; n=3 for 5'-UpG-3'). The observed rates and fraction 
product are kobs=0.14  0.01 min-1, 0.92 (5'-UpT-3') and kobs=0.02  0.01 min-1, 1.0 (5'-UpG-3'). 
(B) Kinetic time courses were used to evaluate the excision of U in duplex and NCP in a 5'-
UpT/ApG-3' sequence context. Reactions consisted of 20 nM DNA substrate, 640 nM SMUG1 in 
buffer described in Materials and Methods. Data were fit to a single exponential equation (duplex), 
or double exponential equation (NCP). Error bars represent standard error (n=2 for duplex; n=6 
NCP). Open squares (), duplex; filled squares (◼), NCP. The observed rates (fraction product) 
are kobs=4.4  0.1 min-1 (0.99) (duplex) and kobs-fast=4.0  0.9 min-1 (0.06), kobs-slow= 0.05  0.02 
min-11 (0.14) (NCP). 
 
3.4. TDG is capable of excising U from NCP substrates 
 
 For our experiments with TDG, we used two different versions of the enzyme: (1) the full-
length enzyme (TDGFL) and (2) a truncated enzyme (residues 82-308, TDG82-308) (19) that is 
missing portions of the largely unstructured N- and C-termini. We tested the truncated version of 
TDG to investigate the influence, if any, of the unstructured portions of the protein on enzyme 
activity, specifically on the NCP substrate.  
 
 When TDGFL and TDG82-308 are incubated with duplex, monophasic kinetics and full 
conversion to product are observed, with kobs of 6.2  0.4 min-1 and 7.2  1.7 min-1 for TDGFL and 
TDG82-308, respectively (Fig. 2A, Table 1). These rates for excision of U are comparable to each 
other, consistent with findings for excision of T from a T:G mismatch in duplex for these two 
versions of TDG (16, 19) (Fig. S4). Additionally, the rate of excision of U from the U:G bp for 
TDGFL  is comparable to that reported previously for a 19 bp duplex (52).  
 
 Similar to SMUG1, TDG processes the NCP differently than duplex. Both TDGFL and 
TDG82-308 exhibit biphasic kinetics, with fast and slow phases of 3.4  0.9 min-1 and 0.03  0.01 
min-1 for TDGFL and 1.2  0.2 min-1 and 0.04  0.01 min-1 for TDG82-308 (Fig. 2B, Table 1). Though 
for each individual TDG construct the fast and slow rates differ dramatically (kobs-fast >> kobs-slow), 
the fast and slow rates of TDGFL are not statistically different from those of TDG82-308. 
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Additionally, the fast rates observed for the NCP are not significantly different from duplex for 
either version of TDG. Although all the rates on the NCP are significantly different from UDG, 
they are not different from SMUG1. 
 
 In accordance with SMUG1, neither TDGFL nor TDG82-308 fully converts the NCP to 
product over the time course, though both versions of TDG accumulate significantly more product 
over the time course as compared to SMUG1 and significantly less than UDG. As with SMUG1, 
addition of more TDG at the end of the time course did not yield a significant increase in product 
(Fig. S5).  
 
 Since we observed the capability of TDG to excise U from an NCP, we sought to determine 
whether T could be excised similarly from a T:G mismatch. In this case, T:G in 5'-TpG/CpG-3' 
mimics the deamination of 5mC:G. In contrast to excision of U from an NCP, we observed minimal 
excision of T (≤10%) for both TDGFL and TDG82-308, with kobs of 0.3  0.1 min-1 and 0.5  0.1 min-

1, respectively. These kobs values are consistent with observed rates for excision of T from 145 bp 
duplex (Fig. S4) as well as 19 bp duplex (16, 19). 
 

 
Fig. 4. Single-turnover kinetics of TDGFL and TDG82-308 excising T from a T:G mismatch in an 
NCP. Kinetic time courses were used to evaluate the excision of T in NCP substrates in a 5'-
TpG/CpG-3' sequence context. Reactions consisted of 20 nM DNA substrate, 400 nM TDGFL and 
TDG82-308 in Buffer TNK plus 4% (v/v) glycerol. Data were fit to a single exponential equation. 
Error bars represent standard error (n=3 for TDGFL; n=4 for TDG82-308). Blue diamonds (◆), 
TDGFL; green triangles (), TDG82-308. The observed rates (fraction product) are kobs=0.3  0.1 
min-1 (0.03) (TDGFL) and kobs=0.5  0.1 min-1 (0.10) (TDG82-308). 
 
 
4. Discussion 
 

All the UDG superfamily glycosylases examined here, UDG, SMUG1, TDGFL, and TDG82-

308, are capable of completely converting U-containing duplex substrates to product, though at 
different rates. Under STO conditions, kobs reflects the slowest kinetic step up to and chemistry. 
These steps include DNA binding, distortion of the DNA helix for base flipping into the active 
site, intercalation of an amino acid residue into the DNA helix to plug the resulting hole, and 
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chemistry. In comparing the three UDG superfamily glycosylases excising U from U:G in duplex, 
it is clear that UDG is the fastest, while SMUG1, TDGFL, and TDG82-308 all have comparable kobs 
that are ~3-12 times slower than UDG. That UDG is fastest then begs the question as to whether 
SMUG1 and TDG serve functions only redundant to UDG for excision of U in duplex-like DNA, 
that is, DNA that is not wrapped around histone proteins. Duplex-like DNA may be found in the 
cell in several situations: between adjacent nucleosomes, during chromatin remodeling, or 
transiently unwrapped from nucleosomes during transcription and replication.  
 

The cell cycle regulation of each of the UDG superfamily glycosylases may suggest which 
of these types of duplex-like DNA, if any, are substrates for the enzymes. UDG is upregulated 
during S-phase and tends to accumulate specifically at replication foci to remove U 
misincorporated from the dNTP pool (6). UDG may exploit the existence of unwrapped DNA at 
this time to maximize excision of U from duplex-like or even ssDNA. SMUG1, on the other hand, 
does not undergo appreciable variation of expression throughout the cell cycle, and instead is 
expressed continuously at low levels, in both actively replicating and quiescent cells (6). It is 
possible that SMUG1, with observed higher activity on duplex substrates, may take advantage of 
transient duplex-like DNA throughout the cell cycle. Like UDG, TDG levels are regulated, but 
TDG is actively degraded at the G1/S transition (34, 35). Therefore, unlike UDG and SMUG1, 
TDG is not available during replication. Should TDG require duplex-like DNA for efficiency, it 
would need to rely on other processes, such as transcription or chromatin remodelers, to access its 
substrate. 
  

Though it is clear that UDG superfamily glycosylases are capable of excising U in duplex 
DNA, their activities on packaged DNA have not been as well characterized. Here we have shown 
that for an outward-facing U at the dyad axis of an NCP compared to the analogous duplex, UDG 
is minimally inhibited, SMUG1 is the most inhibited, and TDG exhibits intermediate levels of 
inhibition.  UDG is unique among these three UDG superfamily glycosylases because of its 
monophasic kinetics and full conversion to product for the NCP substrate. These results are 
especially interesting given that the UDG enzyme used in this study is the E. coli ortholog, which 
was not influenced by the presence of nucleosomes through its evolution. We note, however, that 
the E. coli and human orthologues of UDG are highly similar in both sequence (42) and overall 
conformation. Comparison of the crystal structures of E. coli UDG and human UNG show root 
mean square deviation of <1 Å when Cα are aligned (43). The single-phase kinetics reveal that the 
entire population of NCP is in a form that is readily accessible to UDG for glycosidic bond 
cleavage, with a kobs that is only ~4-times slower than duplex. This observation is consistent with 
what we and others have observed previously, a slower kobs for UDG excision at the dyad region 
versus duplex (38, 53). We note, however, that Cole et al. observed  a more dramatic decrease in 
kobs at the dyad than what we describe here (44). We attribute this discrepancy to a difference in 
the DNA positioning sequence, namely, the 5S rDNA versus Widom 601 positioning sequences. 
For the NCP substrates, kobs could represent the same kinetic step as kobs on duplex. However, it is 
also possible that kobs on the NCP represents a rate-limiting step prior to chemistry. 

 
In contrast to UDG, SMUG1 exhibits dramatically lower product yield in its excision of 

U, and this is not dependent on sequence context. Though we cannot rule out that a small amount 
of the product is derived from a duplex contaminant, our extensive purification techniques limit 
the amount of contaminating duplex in the NCP sample. The limited amount of duplex (<5%) 
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combined with the observation that SMUG1 exhibits biphasic kinetics on this substrate lead us to 
conclude that some product results from SMUG1 excising U from the NCP. Due to the low product 
yield associated with kobs-fast, we cannot rule out that this fast phase represents SMUG1 acting on 
a small amount of duplex. In this case, kobs-slow represents SMUG1 acting on NCP. The product 
yield reveals that only ~20% of the NCP population is accessible to SMUG1. On the other hand, 
both phases may reflect SMUG1 acting on the NCP. The fast phase would therefore correspond to 
SMUG1 excising U on a readily accessible population, while the slow phase reflects a population 
that requires, for example, a conformational change prior to SMUG1 binding and/or cleavage. 
Nevertheless, a substantial proportion of the NCP substrate is inaccessible to glycosidic bond 
cleavage by SMUG1.  

 
The significant inhibition of SMUG1 on the NCP substrate may be due, at least in part, to 

the presence of an additional -helix directly C-terminal to its intercalation loop (9). Though UDG, 
SMUG1, and TDG all possess a similar intercalation loop, SMUG1 is unique in its possession of 
this additional -helix, which forms a “helical wedge” (highlighted orange in Fig 1B) and is 
believed to promote DNA distortion and U extrusion (9). In contrast to UDG and TDG, which 
disrupt only the base pair containing the scissile U, SMUG1 also disrupts the base pair on the 5-
side of the U, leading to a greater distortion of the DNA helix (9). In the context of an outward-
facing lesion at the dyad, the torsional flexibility of the DNA is significantly decreased relative to 
duplex DNA in solution (47, 54), and may provide a barrier to DNA distortion necessary for 
glycosidic bond cleavage. This barrier to DNA distortion may be responsible for the low product 
yields observed for the excision of U from NCP. In this case, the requirement for DNA distortion 
may also prevent efficient repair of sites that are less solution accessible. In contrast, lesions 
displaced from the dyad, especially at the DNA ends where there are increased dynamics (55-58), 
may be more easily repaired by SMUG1. The results then bring into question whether an outward-
facing U at the dyad is a substrate for SMUG1 in a cellular context. It may be the case that SMUG1 
relies on chromatin remodelers, transcriptional machinery, or the degree of DNA packaging 
variable with the cell cycle to make lesions, both at the dyad and throughout the NCP, more 
accessible. Conversely, these lesions at the dyad may be removed primarily by UDG, and thus 
may seldom be a substrate for SMUG1. While SMUG1 may defer to UDG for lesion removal in 
some contexts, it tends to accumulate in nucleoli, which lack UDG (6). Therefore, there may be 
factors specific to nucleoli that increase SMUG1 activity on packaged DNA. Conversely, SMUG1 
may take advantage of the high transcription of ribosomal genes in the nucleoli and its more 
duplex-like character (12) for its excision of U.  

 
TDGFL and TDG82-308 exhibit biphasic kinetics on the NCP, suggesting that SMUG1 and 

TDG are more similar to each other than to UDG.  For both TDGFL and TDG82-308, kobs-fast does 
not differ significantly from kobs for duplex, suggesting that these rates may correspond to the same 
kinetic step. Additionally, the rates obtained for TDGFL and for TDG82-308 are not statistically 
different. Again, we cannot rule out that a small amount of contaminating duplex contributes to 
the product yield for the fast phase, or, in contrast, this phase corresponds to an NCP population 
readily accessible to TDG. Recent molecular dynamic simulations examining the steps after 
binding and up to but excluding bond cleavage have indicated that the rate-limiting step for TDG 
on duplex substrates is the intercalation of R275 to plug the hole left by the extruded nucleobase 
(59, 60). Due to the decreased dynamics of DNA in the dyad region (47, 54), there may be a subset 
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of TDG-NCP complexes for which intercalation of R275 is slowed, and thus requires a 
conformational change in the NCP in order to proceed.  

 
TDG, furthermore, is inhibited in its excision of U on the NCP relative to duplex, though 

not to the same extent as SMUG1. There is no significant difference between TDGFL and TDG82-

308, consistent with a previous report that the N- and C-termini missing from TDG82-308 do not 
affect the excision of U or T from duplex (19). Nevertheless, there is a proportion of the NCP 
substrate inaccessible to glycosidic bond cleavage by TDG. This inaccessible substrate may be a 
population of TDG-NCP complexes for which U extrusion and/or intercalation of R275 is 
inhibited. On the other hand, this proportion of the substrate may be inaccessible to initial binding 
of TDG, due to steric clash of the enzyme with the histone core. Excision of T from a T:G wobble 
bp in the dyad region is significantly inhibited, with product yields less than 10% for both TDGFL 
and TDG82-308. Due to the increased steric hindrance of extruding T versus U, T is excised at a 
slower rate than U (61). Furthermore, it is known that a specific conformation of the N-terminus 
is required for the recognition and removal of T and deletion of the entire N-terminus results in 
loss of the ability to excise T (15, 62). Indeed, it has been demonstrated that more stable binding 
of TDG to the DNA is required for the excision of T versus U (63). Steric clash of the enzyme 
with the histone core may prevent productive binding to the NCP, thus resulting in low product 
yields.  

 
Since TDG is degraded prior to S-phase and cannot take advantage of the more duplex-like 

character of DNA during this phase of the cell cycle (34, 35), the question remains as to which 
factors, if any, may increase the efficiency of removal of U and T. Possible mechanisms may 
include PTM of TDG or the histone proteins, interaction with and/or the presence of chromatin 
remodelers, and interactions with other proteins. TDG has been demonstrated to be acetylated (23, 
28, 29, 32) and phosphorylated (32) on its N-terminus, and SUMOylated (30, 31, 33, 64, 65) on 
its C-terminus. Phosphorylation has been demonstrated to increase activity, SUMOylation 
severely inhibits excision while augmenting APE1-induced product release, and acetylation has 
either stimulatory or inhibitory effects, based on the lesion in question (28, 32, 33, 65). TDG also 
interacts with a wide variety of chromatin remodelers, including the methyltransferases DMT3A 
(26), DMT3B (27), the lysine acetyltransferase CBP/p300 (23, 29), and the NAD+-dependent 
deacetylase SIRT1 (28). TDG has been demonstrated to interact with several other proteins, 
including the nucleotide excision repair protein XPC (24) and the transcription factor estrogen 
receptor  (66). The presence and/or absence of these factors separately or in combination may 
modulate the efficiency of TDG, resulting in precise spatiotemporal activity.  
 
 In light of our results, it is curious that UDG is unique among the UDG superfamily 
glycosylases in its rapid and complete excision of an outward-facing U at the dyad. SMUG1 and 
TDG, on the other hand, do not convert the substrate fully to product. It is noteworthy that UDG 
differs from TDG and SMUG1 in its intercalating residue, which stabilizes the duplex when the U 
is extruded from the helix. While the intercalating residue of UDG is a leucine (67), both SMUG1 
and TDG use an arginine (9, 18, 19, 59, 60). The positive charge on the arginine may cause 
electrostatic repulsion from the overall positive charge of the histone core, thus limiting the 
intercalation step and preventing glycosidic bond cleavage. Indeed, a mutation of the intercalating 
leucine in UNG to arginine (L272R) modestly decreases steady-state kinetic parameters kcat, Km, 
and kcat/Km on duplex substrates (68). The helical wedge of SMUG1 presents another barrier to 
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intercalation, as the rather constrained DNA at the dyad axis must be disrupted further for catalysis 
to occur. Given these results, UDG may be the main glycosylase for excision of outward-facing U 
near the dyad axis, with roles for SMUG1 and TDG in specific spatiotemporal and/or sequence 
contexts, perhaps aided by the presence of other factors and/or PTM.  
 
Conclusion 
 
 In summary, we show that UDG is unique among the UDG superfamily glycosylases in its 
rapid excision of an outward-facing U from the dyad of an NCP. Though both SMUG1 and TDG 
demonstrate inhibition in excision of U from the NCP compared to duplex, SMUG1 displays the 
most drastic inhibition. These results bring into question whether other cellular factors, including 
PTM, chromatin remodelers, or phases of the cell cycle may influence the efficiency of U excision. 
Further studies combining in vitro and in vivo approaches will help to elucidate the roles of these 
uracil glycosylases within the cell.  
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