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Background: Uracil DNA glycosylases are DNA repair enzymes involved in the removal of base damage.
Results: Family 5 UDGD is a uracil, hypoxanthine, and xanthine DNA glycosylase.
Conclusion: Family 5 UDGD adapts multiple catalytic amino acids for the excision of pyrimidine and purine deaminated DNA

bases.

Significance: Family 5 UDGb exemplifies functional diversity in enzyme superfamilies.

UDGDb belongs to family 5 of the uracil DNA glycosylase
(UDG) superfamily. Here, we report that family 5 UDGDb from
Thermus thermophilus HB8 is not only a uracil DNA glycosyase
acting on G/U, T/U, C/U, and A/U base pairs, but also a hypo-
xanthine DNA glycosylase acting on G/I, T/I, and A/I base pairs
and a xanthine DNA glycosylase acting on all double-stranded
and single-stranded xanthine-containing DNA. Analysis of
potentials of mean force indicates that the tendency of hypo-
xanthine base flipping follows the order of G/I1 > T/I, A/1 > C/I,
matching the trend of hypoxanthine DNA glycosylase activity
observed in vitro. Genetic analysis indicates that family 5 UDGb
can also act as an enzyme to remove uracil incorporated into
DNA through the existence of dUTP in the nucleotide pool.
Mutational analysis coupled with molecular modeling and
molecular dynamics analysis reveals that although hydrogen
bonding to O, of uracil underlies the UDG activity in a dissocia-
tive fashion, Tth UDGD relies on multiple catalytic residues to
facilitate its excision of hypoxanthine and xanthine. This study
underscores the structural and functional diversity in the UDG
superfamily.

DNA base deamination is a common mechanism of DNA
damage caused by environmental and endogenous agents.
Because of the reactivity of the exocyclic amino groups, DNA
bases are subject to hydrolytic or oxidative deamination, in
which the amino group in a DNA base is converted to keto
group. Adenine (A), cytosine (C), and guanine (G) are deami-
nated to hypoxanthine (I), to uracil (U), and to xanthine (X) and
oxanine (O), respectively (see Fig. 14). Because of the altered
base pair preferences, base deamination may result in
mutations.
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The base excision repair, initiated by DNA glycosylase, is a
major pathway to repair damage caused by base deamination.
The uracil DNA glycosylase (UDG)? superfamily, consisting of
six families, is involved in the repair of deaminated base dam-
age. Although family 1 UNGs show rather narrow specificity
toward uracil and its derivatives (1, 2), family 2 MUG/TDG
enzymes have much broader specificity with some members
showing activity toward all deaminated bases (3—6). Most
interestingly, recent studies have indicated that human TDG is
a DNA glycosylase that is involved in the removal of formyl-C
and carboxyl-C during enzymatic demethylation (7, 8), suggest-
ing that some of the enzymes in the UDG superfamily have
evolved functions beyond DNA repair. Family 3 SMUGI1
enzymes, found in vertebrates and bacteria, act as both uracil
DNA glycosylases and xanthine DNA glycosylases (XDGs) (9,
10). Family 4 UDGa was initially discovered in the hyperther-
mophilic bacterium Thermotoga maritima (11). Family 5
UDGD was first reported in the hyperthermophilic archaean
Pyrobaculum aerophilum (12). Most recently, the family 6
enzymes were discovered as a class of enzymes with hypoxan-
thine DNA glycosylase (HDG) activity but not with uracil DNA
glycosylase activity (13).

Family 5 UDGD exists in archaea and bacteria, many of which
are hyperthermophiles or thermophiles. Biochemical charac-
terization of P. aerophilum UDGDb indicates that it can remove
uracil, hydroxymethyluracil, or fluorouracil opposite from gua-
nine base and hypoxanthine from T/I base pairs (12). The uracil
DNA glycosylase and hypoxanthine DNA glycosylase activity
prevents mutation resulting from cytosine and adenine deami-
nation in cells (14). UDGDb from Mycobacterium tuberculosis is
also found to be active on ethenocytosine and the mutation rate
in the absence of UDGb increases by 2-fold (15, 16). Similarly,
biochemical and genetic analyses indicate that UDGb from
thermophilic bacterium Thermus thermophilus (Tth) is a uracil
DNA glycosylase that can reduce the mutation rate by 3-fold
(17, 18). The crystal structure of UDGDb from T. thermophilus
confirms that UDGb adopts a structural fold similarly seen in
other UDG enzymes (19).

2The abbreviations used are: UDG, uracil DNA glycosylase; XDG, xanthine
DNA glycosylase; HDG, hypoxanthine DNA glycosylase; Tth, T. thermophi-
lus; PMF, potential of mean force; MD, molecular dynamics.
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Previous studies have provided valuable information on the
structure-function relationship of family 5 UDGb enzymes and
their physiological roles. However, some fundamental ques-
tions remain to be answered. How broad is the specificity of
UDGD toward other deaminated bases? How does the active
site in UDGb catalyze the cleavage of the glycosidic bond in
deaminated DNA? To answer these questions, we conducted a
comprehensive biochemical, genetic, and molecular dynamics
analysis using UDGb from Tth as a model. The data presented
here demonstrate that Tth UDGDb can act as a uracil DNA gly-
cosylase with enzymatic activity on double-stranded uracil-
containing DNA, as a hypoxanthine DNA glycosylase with
enzymatic activity on double-stranded hypoxanthine-contain-
ing DNA except for the C/I base pair, and as a xanthine DNA
glycosylase with enzymatic activity on both double-stranded
and single-stranded xanthine-containing DNA. This study also
establishes the correlation between hypoxanthine DNA glyco-
sylase activity and stability of hypoxanthine-containing base
pairs; reveals the inverse correlation between the uracil DNA
glycosylase activity against the A/U base pair and cell survival in
an Escherichia coli cell deficient in ung dut xth genes; and iden-
tifies several catalytic residues that play an important role in the
removal of deaminated bases in DNA. A model explaining the
catalytic function of family 5 UDGb is proposed.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Tth UDGb—The
UDGb gene from T. thermophilus HB8 (GenBank ™ accession
number YP_144415.1) was amplified by PCR using the forward
primer Tth UDGbF (5'-TCAGGTGTGCATATGGACAGGG-
AAGCCTTCGTCCAAACC-3’; the Ndel site is underlined)
and the reverse primer Tth UDGbR (5'-TGAATCAAGCTTA-
AGCCCGGCGAGGCGTTTAGCCTC-3’; the HindIII site is
underlined). The PCR mixture (20 ul) consisted of 10 ng of
T. thermophilus HB8 genomic DNA, 500 nMm forward and
reverse primers, 1X Phusion DNA polymerase buffer, 200 um
each dNTP, and 0.2 unit of Phusion DNA polymerase (New
England Biolabs). The PCR procedure included a predenatur-
ation step at 98 °C for 30 s; 30 cycles of three-step amplification
with each cycle consisting of denaturation at 98 °C for 15 s,
annealing at 60 °C for 15 s, and extension at 72 °C for 20 s; and
afinal extension step at 72 °C for 10 min. The PCR product was
purified by gel DNA recovery kit (Zymo Research). The purified
PCR product and plasmid pET21a were digested by Ndel and
HindIIL, purified by gel DNA recovery kit, and ligated according
to the manufacturer’s instructional manual. The ligation mix-
ture was transformed into E. coli strain HB101 competent cells
by electroporation. The sequence of the Tth UDGD gene in the
resulting plasmid (pET21la-Tth-UDGb) was confirmed by
DNA sequencing. Site-directed mutagenesis was performed
similarly as previously described (13).

The pET21a-Tth-UDGb was transformed into E. coli strain
BH214 (ung~, mug ™) by the standard protocol to express the
C-terminal His¢-tagged Tth UDGb protein. Induction, sonica-
tion, and purification were carried out as previously described
with the following modifications (13). Prior to HiTrap chelating
column chromatography, the sonicated solutions were incu-
bated at 75 °C for 15 min. Denatured proteins were removed by
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centrifugation at 12,000 rpm for 20 min. Fractions (300 —400
mMm imidazole, 60 — 80% chelating buffer B) containing the Tth
UDGD protein as seen on 12.5% SDS-PAGE were pooled and
concentrated by Amicon YM-10 (Millipore).

Oligodeoxynucleotide Substrates—Oligodeoxynucleotides con-
taining deoxyuridine (U), deoxyinosine (I), deoxyxanthosine
(X), or deoxyoxanosine (O) were obtained or constructed as
previously described (see Fig. 1B) (10).

DNA Glycosylase Activity Assay—DNA glycosylase cleavage
assays for Tth UDGb were performed under optimized reaction
conditions at 50 °C for 60 min in a 10-ul reaction mixture con-
taining 10 nMm oligonucleotide substrate, an indicated amount of
glycosylase, 20 mm Tris-HCl (pH 7.6), 100 mm KCl, 1 mm DTT,
and 1 mm EDTA. The resulting abasic sites were cleaved by
incubation at 95 °C for 5 min after adding 1 ul of 1 NNaOH. The
reaction mixtures (2 ul) were mixed with 7.8 ul of Hi-D form-
amide and 0.2 ul of GeneScan 500 LIZ Size Standard (Invitro-
gen) and analyzed by Applied Biosystems 3130x] sequencer
with a fragment analysis module. The cleavage products and
remaining substrates were quantified by GeneMapper soft-
ware. For kinetics measurements, the reactions were carried
out with 10 nm oligonucleotide substrate and 100 nm glycosy-
lase. Increasing the enzyme concentration by 3-fold did not
change the kinetic profile, suggesting that the reactions reached
saturation condition. Samples were withdrawn at 0, 2.5, 5, 10,
20, 40, and 60 min. For some substrates, such as G/U and G/I
with faster kinetics, samples were also withdrawn at the 1.0-min
time point to capture the early reaction. The apparent rate con-
stants were determined by curve fitting using the integrated
first-order rate equation,

P = 'Dmax(-I - eikt) (Ea. 1)

where Pis the productyield, P, ., is the maximal yield, ¢ is time,
and k is the apparent rate constant.

Base Flipping Potential of Mean Force Calculations—Base
flipping potentials of mean force (PMF) were constructed based
on the dodecamer sequence d(GTCAGIGCATGG), where the
hypoxanthine (I) was the base to be flipped out of the helix.
Using the program 3DNA (20), the canonical B-form DNA
structure of the sequence d(GTCAGCGCATGG) was con-
structed. The base complementary to I was systematically mod-
eled as guanine, adenine, cytosine, and thymine. Starting from
these four models of B-form DNA, umbrella sampling was per-
formed to calculate the PMF associated with flipping deami-
nated DNA bases out of the double helix (21, 22). A detailed
description of the computational methods can be found in our
previous work (21).

Survival Analysis of E. coli BW276 Strain Complement with
Tth udgb—The wild type and mutant Tth udgb genes were sub-
cloned into plasmid pBluescript II SK (+). The WT Tth udgb
gene is described as an example. The WT Tth udgb gene was
amplified by PCR using the plasmid pET21a-Tth-UDGb as a
template and with the forward primer TthUDGbF-pBS (5'-
CCGGAATTCCCATATGGACAGGGAAGCCTTCG-3'; the
EcoRI site is underlined) and the reverse primer Tth UDGbR-
pBS (5 ACGCGTCGACTCAGTGGTGGTGGTGGTGG-3';
the Sall site is underlined). The PCR conditions were the same
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as the cloning of the Tth UDGD gene. The purified PCR prod-
ucts digested with a pair of EcoRI and Sall endonucleases were
ligated to the cloning vector pBluescript II SK (+) treated with
the same pair of restriction endonucleases. The recombinant
plasmids were confirmed by DNA sequencing and transformed
into E. coli BW276 (dut” ung™ xth ™). E. coli BW276 (thi-1,
relAl, spoT1, dut-1, rfa-209:Tn10, ung-1 (xth-pncA)90) was a
kind gift from Dr. Bernard Weiss (Emory University, Atlanta,
GA) (23). Single colonies from each variant were inoculated
into 1 ml of LB medium (with 100 pg/ml ampicillin and 125
pg/ml thymidine) and grown at 22 °C for 16 h. Overnight cul-
tures (1 ml) were transferred to 4 ml of fresh LB medium (with
100 pg/ml ampicillin and 125 pg/ml thymidine) and grown at
22 °C until A, reached 0.6. After adding isopropyl B-p-thio-
galactopyranoside to a final concentration of 1 mp, the cultures
were incubated at 22 °C until A, reached 1.0. Before plating,
40 ul of 100 mMm isopropyl B-p-thiogalactopyranoside was
spread on the LB plates containing ampicillin and thymidine.
Afterward, diluted cells (100 ul) were plated on LB plates. Cell
numbers were scored after 24 h of incubation at 42 °C or after
72 h of incubation at 22 °C. The relative plating efficiencies
were taken as the ratios of the cell numbers between 42 and
22°C.

Molecular Modeling and Molecular Dynamics Simulations—
The crystal structure of family 5 uracil DNA glycosylase (Tth
UDGDb) was acquired from the RCSB Protein Data Bank (acces-
sion code 2DEM), and used as a model for subsequent compu-
tational analysis (19). The initial structures of uridine, inosine,
xanthosine, and oxanosine nucleotides bound to the family 5
UDG enzyme were obtained by manually modifying the struc-
ture of 2-deoxy-5-phosphono-ribose extracted from the crystal
structure of Tth UDGDb using the Swiss-Pdb Viewer program
(24). Specifically, the 2-deoxy-5-phosphono-ribose was aligned
to a cytidine, and the cytosine was changed to uracil, hypoxan-
thine, xanthine, and oxanine, respectively. After building the
initial complex structures, an explicit solvent system using the
TIP3P water model was constructed in the CHARMM c¢35b6
molecular mechanics package using a suitably sized box (25).
The minimum distance between any of the atoms of the sol-
vated UDG-DNA complex, and the box boundary was main-
tained to at least 9 A. Sodium chloride ions were added to
the system to achieve an electrically neutral system. The
CHARMM 27 all hydrogen force field for proteins and nucleic
acids were used (26, 27). Particle mesh Ewald summation was
applied in the periodic boundaries condition for the efficient
calculation of long range electrostatic interactions (28). Energy
minimization was performed by using 4,000 steepest descent
steps followed by the adopted basis Newton-Raphson (ABNR)
method with the harmonic constraints from 10 to 1 kcal/
(mol-A?) in decrements of 3 kcal/(mol-A?) every 1,000 steps to
remove any unfavorable van der Waals clashes. Using a Lan-
gevin barostat (29), an isothermal-isobaric ensemble at 300 K
was constructed using the NAMD program (30). An integration
time step of 1 fs was used to avoid any significant structural
deformation during equilibration and production run. Coordi-
nates were saved every 2 ps. A total of 2 ns of equilibration and
3 ns of production simulation were performed for each struc-
tural analysis. VMD 1.9.1 was used for visualization (31).
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RESULTS

Substrate Specificity of Tth UDGb—Previous studies have
indicated that family 5 UDGb enzymes can act on some deami-
nated base damage. To gain a complete understanding of the
specificity of the family 5 UDGb on deaminated bases, we mea-
sured the repair activity of Tth UDGb using all 20 possible ura-
cil (U)-, hypoxanthine (I)-, oxanine (O)-, and xanthine (X)-con-
taining double-stranded and single-stranded DNA substrates
under the assay conditions in which the enzyme was in 10-fold
excess over the substrate (Fig. 1C). Consistent with previous
reports, Tth UDGb acted as a double-stranded uracil DNA gly-
cosylase with a relatively low activity on the A/U base pair (Fig.
1C). No activity on single-stranded U-containing substrate was
detected under the assay conditions. Tth UDGb could also act
as a hypoxanthine DNA glycosylase with the strongest activity
on the G/I base pair but no activity detected on the C/I base pair
and the single-stranded I-containing substrate (Fig. 1C). The
enzyme showed no activity on any of the oxanine-containing
substrates, indicating that family 5 Tth UDGb is not an oxanine
DNA glycosylase. On the other hand, Tth UDGb was able to
incise xanthine in all xanthine-containing DNA, in which all
five substrates were hydrolyzed to close to completion (Fig. 1C).
Similar to some other enzymes in the UDG superfamily, no
glycosylase activities were detected with the deaminated sub-
strates under the assay conditions in which the enzyme:sub-
strate ratio was 1:1 (data not shown). Consistent with previous
observations, Tth UDGb was not inhibited by Ugi peptide and
acted as a monofunctional glycosylase (Ref. 12 and data not
shown).

To determine the catalytic efficiencies on the deaminated
DNA, we measured the apparent rate constants. A representa-
tive time course analysis is shown in Fig. 1D, and complete data
are summarized in Table 1. For the U-containing substrates,
Tth UDGb was most active on three mismatched base pairs
(T/U, C/U, and G/U) with apparent rate constants around 0.36
per min (Table 1). The apparent rate constant for the A/U pair
was 5-fold slower than that for G/U pair. For the I-containing
substrates, the apparent rate constant of 0.35 per min for the
G/I base pair was comparable with the mismatched U-contain-
ing base pairs (Table 1). However, the apparent rate constants
for the T/Iand A/I base pairs were more than 10-fold lower. For
the X-containing substrates, the apparent rates constants
ranged from 0.057 per min for the C/X base pair to 0.075 per
min for the A/X base pair (Table 1).

HDG Activity and Stability of I-containing Base Pairs—The
base flipping tendencies for uracil- and xanthine-containing
base pairs have been studied previously (21). The UDG and
XDG@G activity of Tth UDGDb followed the general trend of base
pair stability. The kinetic analysis indicated that the hypoxan-
thine DNA glycosylase in Tth UDGb was strongest on the G/I
base pair followed by the T/I and A/I base pairs. The enzyme
was least active with the C/I base pair. To assess how the order
of HD@ activity is correlated with the stability of the I-contain-
ing base pairs, we analyzed PMF for the double-stranded I-con-
taining base pairs. The PMF essentially represents the change in
free energy associated with transitioning the DNA from the
base paired state to base flipped-out state and is therefore capa-

JOURNAL OF BIOLOGICAL CHEMISTRY 18415



Family 5 UDGDb in Uracil DNA Glycosylase Superfamily

A (o) (0)
4 6 N
HNK{JE HN; | 5| N\ BN
8
Jz\ 6 K 4 9> 2
1 X3
() Pr Pq rr ()

O (o)
N 6 N
7 (01 5 7
D , O D
9 3 4 9
N N H,N N N
H | |

5'-TA CCC CAG CGT CTG CGG TGT TGC GTN AGT TGT CAT AGT TTG ATC CTC TAG TCT TGT TGC GGG TTC C-3'
3’-GGG GTC GCA GAC GCC ACA ACG CAY TCA ACA GTA TCA AAC TAG GAG ATC AGA ACA ACG CCC-FAM-5'

* N=A,T,G,C

Y=U,I

| 60-mer

36-mer I
|
|

5'-TA CCC CAG CGT CTG CGG TGT TGC GTN AGT TGT CAT AGT TTG ATC CTC TAG TCT TGT TGC GGG TTC C-3'
3’-AT GGG GTC GCA GAC GCC ACA ACG CAY TCA ACA GTA TCA AAC TAG GAG ATC AGA ACA ACG CCC-FAM-5'

* N=A,T,G,C Y=X,0
| 36-mer {
I 62-mer I
C 100 -
80
X
= 60
3
3 401
~ 204
0_ | | | | | |
ATGC ATGC ATGC ATGC
uuuuu I TT I XX XXX 0O00O0O0
D 100 100 100
I o [
801 801 801
S € 60- 6
58’4 240- 24
& 20 & 20 P
O T T T T T 0 T T T T T 0 T T T T T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (min)

Time (min)

Time (min)

FIGURE 1. Deaminated DNA repair activity in Tth UDGb. A, chemical structures of deaminated DNA bases. B, sequences of xanthine (X)-, oxanine (O)-,
hypoxanthine (I)-, and uracil (U)-containing oligodeoxyribonucleotide substrates. FAM, fluorophore. C, DNA glycosylase activity of Tth UDGb on U-, I-, O-, and
X-containing substrates. Cleavage reactions were performed as described under “Experimental Procedures” with 100 nm WT Tth UDGb protein and 10 nm
substrate. D, representative time course analysis of glycosylase activity of WT Tth UDGb on U-, |-, and X-containing DNA substrates. U-containing substrates: l,
A/U; A, T/U; @, G/U; V, C/U. I-containing substrates: B, A/I; A, T/I; @, G/I. X-containing substrates: ll, A/X; A, T/X; @, G/X; V, C/X; [, ss X.

ble of indicating the tendency of a deaminated base to flip out of
an isolated B-form DNA double helix. Among the four base
pairs, hypoxanthine demonstrates the greatest tendency (low-
est PMF barrier) to flip when paired with guanine (Fig. 2). The
thermodynamic stability of T/Iand A/I base pairs were found to
be similar to each other and more stable (higher PMF barrier)
than the G/I pair. The most stable base pair is the C/I base pair,
which can adopt a natural Watson-Crick base pair conforma-
tion. Interestingly, the PMF profile of the I-containing base
pairs is quite consistent with activity pattern (Fig. 1 and Table
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1), suggesting that the tendency of base flipping contributes to
the recognition and consequently the catalysis.

Catalytic Residues in UDGb—To identify the amino acid res-
idues in the family 5 Tth UDGb enzyme that may play an
importantrole in its catalytic function, we took advantage of the
Tth UDGD crystal structure complexed with an abasic site (19).
The presence of the AP site in the structure helped us to locate
potential catalytic residues that are in the vicinity of the scissile
bond. Aspartate and asparagine are known catalytic residues in
family 1 UNG and family 2 MUG, respectively. A close exami-

SASBMB

VOLUME 289+NUMBER 26+JUNE 27,2014



Family 5 UDGDb in Uracil DNA Glycosylase Superfamily

TABLE 1

Apparent rate constants of DNA glycosylase activity in wild type and mutant Tth UDGb enzymes

The reactions were performed as described under “Experimental Procedures” with 100 nm Tth UDGD protein and 10 nm substrate. The data are averages of three
independent experiments. NA, no activity was detected under the assay conditions. ND, not determined because of a low level of activity.

Rate constant

Bottom strand Top strand A Top strand T Top strand G Top strand C
min~!
WT U 0.067 = 0.0048 0.37 = 0.031 0.35 * 0.032 0.36 = 0.032 NA
D75A NA 0.028 * 0.0040 0.031 * 0.0063 ND NA
N120A NA 0.0065 * 0.00053 0.095 * 0.0052 0.029 = 0.0037 NA
WT I 0.030 = 0.0042 0.031 * 0.00059 0.35 * 0.014 NA NA
D75A ND ND 0.0061 *+ 0.00043 NA NA
N120A NA NA 0.0074 =+ 0.00029 NA NA
H190A NA NA 0.0022 =+ 0.00063 NA NA
WT X 0.075 * 0.0027 0.071 * 0.0078 0.063 * 0.0074 0.057 = 0.0041 0.064 * 0.0074
20— ' I activity but completely lost HDG activity on A/I and T/I (Fig.
L . Hypoxanthine | 5A and Table 1). The reduction of G/I activity, as judged by the
; apparent rate constants, was 47-fold (Table 1). Extension of
_ 15- - o : .
= the amide side chain by one methylene group, as shown in the
§ - 1 N120Q mutant, exhibited the same effect as removal of the
5 B i amide side chain as shown in N120A (Fig. 5B). Conversion of
z 10 g
= the amide group to a carboxyl group as shown in N120D
= 0 : mutant had a minimal effect on UDG and XDG activity except
s —_Gi—T for a small reduction on the A/U base pair (Fig. 5C). The main
k —A:—C effect of the Asp substitution was the reduction of HDG activity
E on A/I and T/I base pairs to below the level of detection under
00 o120 180 240 300 360 the assay conditions (Fig. 5B). N120E mutant amplified the

Pseudodihedral Angle (degrees)

FIGURE 2. PMFs of hypoxanthine-containing base pairs along the pseu-
dodihedral angle coordinate. Watson-Crick base pairing is ~10-30° pseu-
dodihedral angle, and the flipped out state is ~190°. PMF profiles were gen-
erated in TIP3P explicit water solvent.

nation of the structure revealed several potential catalytic resi-
dues: Asp”®, Asn'?°, His'®°, and Asn'®” (Fig. 3A). All these res-
idues are highly conserved in family 5 UDGb homologs (Fig.
3B). To test the role of these residues in catalysis, Asp”> was
substituted with Ala, Asn, Glu, and Gln; Asn'** and Asn'®®
were substituted with Ala, Asp, Glu, and Gln; and His"*® was
substituted with Ala, Asn, and Ser.

For the Asp”® position, substitution with an Ala residue
exhibited the most profound effect on X-containing substrates
because D75A completely lost all of its XDG activity (Fig. 4A4).
The UDG activity was also reduced, in particular for the A/U
and C/U base pairs in which the activity was not detectable
under the assay conditions or rather weak (Fig. 4A). For the T/U
and G/U base pairs, the apparent rate constants were reduced
by more than 10-fold (Table 1). For the I-containing substrates,
the HDG activity on A/I and T/I was rather weak, and that on
G/I was reduced by 57-fold (Fig. 44 and Table 1). The effect
caused by substitution of Asp”® with Glu was in general much
less severe than D75A because the D75E mutant still retained
much of the activity (Fig. 4B). The substitutions of the carboxyl
side chain with an amide side chain resulted in similar effects.
Both D75N and D75Q mutants lost XDG activity while retain-
ing much of their UDG and HDG activity (Fig. 4, C and D).

The effect caused by an Ala substitution at the N120 position
was in general similar to D75A in which the XDG activity was
lost, and the UDG and HDG activity was reduced (Fig. 54). The
main difference is that N120A retained a higher C/U and G/U
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effect of carboxyl substitution because UDG, HDG, and XDG
activities were all reduced substantially (Fig. 5D). The effects
observed in N120E and N120Q underscore the sensitivity of
UDGDb catalytic activity toward small length changes in the
Asn'?? side chain.

The mutational effect was most profound with the substitu-
tion of His'*° with Ala. The H190A mutant lost all UDG, HDG,
and XDG activity with the exception of retaining a low level of
activity on G/I base pairs and a rather minor activity observed
on G/X base pairs (Fig. 64). The functional role of His'*° could
be accommodated by Asn or Ser to a very limited degree as
indicated by the retention of weak UDG, HDG, and XDG activ-
ity (Fig. 6, Band C).

The effects of amino acid substitutions at the Asn'°® position
were less severe than those at the Asp”®, Asn'?°, and His'*°
positions. In general, reduced UDG, HDG, and XDG activity
was still observable in N195A, N195Q, N195D, and N195E
mutants (Fig. 7). The most noticeable reduction of activity was
observed using A/I and T/I substrates, in which the HDG activ-
ity was nearly or completely lost. Given that motif 2 serves as a
wedge to insert into the space vacated by a flipped out base,
mutations at the conserved Asn'®® position may affect the
wedging mediated by motif 2. The UDG activity on A/U base
pairs was also reduced to varying degrees in N195A, N195Q,
N195D, and N195E mutants. These mutants were used in the
genetic analysis of A/U repair in vivo as described below.

Survival of UDGD in dut Temperature-sensitive E. coli Strain—
Uracil may occur in DNA either through cytosine deamination
or through incorporation of dUTP during DNA replication. In
normal cells, incorporation of dUTP into DNA to form A/U
base pairs is minimized because of the hydrolysis catalyzed by
dUTPase (encoded by dut) (Fig. 84). The dUMP thus produced
is a precursor for the synthesis of dTMP by thymidylate syn-
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A
B D75 N120 H190 N195
Family 5 Tth N--56-GLAPGAHGSNRTGRPFTGDASGAF-30-AAVRCAPPKN-69-HVSRQNT--23-C
(UDGDb) Pae N--65-GLAPAAHGGNRTGRMFTGDASAQN-31-SAVKCAPPKN-65-HPSPLNV--24-C
Sso N--46-GLAPAGNGGNRTGRMFTGDESSNN-31-SAVKCAPPQN-76-HPSPRNM--25-C
Tvo N--61-GLAPAATGGNRTGRVFTGDKSSDF-31-AAVKCVPPDN-71-HPSPRNV--23-C
Sco N--60-GLAPAAHGGNRTGRMFTGDRSGDV-31-SPVHCAPPAN-79-HVSQRNT--26-C
Mtu N-101-GLAPAAHGANRTGRMFTGDRSGDQ-31-APVRCAPPGN-71-HPSQQNM--24-C
Family 1 Eco N--61-GQDPYHGPGQAHGLAFSVRPGIAT-37-NTVLTVRAGQ-54-HPSPLSA--36-C
(UNG)
Family 2 Eco N--15-GINPGLSSAG-TGFPFAHPANRFW-29-KLVDRPTVQA-62-NPSGLSR--22-C
(MUG/TDG)
Family 3 Gme N--55-GMNPGPWGMAQTGVPFGEVAVVTE-56-NYCPLLFLTA-64-HPSPASP--21-C
(SMUG1)
Family 4 Tth N--39-GEGPGEEEDK-TGRPFVGKAGQLL-17-NIVKCRPPQN-65-HPAYLLR--44-C
(UDGa)
Family 6 Mba N--19-GSLPGDVSIR-KHQYYGHPGNDFW-31-DVFKAGKREG-52-SSSGANR--16-C
(HDG) Motif 1 Motif 2

FIGURE 3. Tth UDGb structure and sequence alignment. A, Tth UDGb-AP site co-crystal structure (Protein Data Bank code 2DEM). The four residues (Asp”?,
Asn'?%, His'®, and Asn'9") that were subjected to mutational analysis are shown in red. B, sequence alignment in family 5 UDGb and comparison with other
UDG families. The alignment was based on BLAST and CLUSTALW analysis and constructed manually. Four conserved residues that are matched in A are shown
in red. Family 5 (UDGb): Tth, T. thermophilus HB8, YP_144415.1; Pae, P. aerophilum str. IM2, NP_559226; Sso, Sulfolobus solfataricus P2, NP_344053.1; Tvo,
Thermoplasma volcanium GSS1, NP_111346.1; Sco, Streptomyces coelicolor A3(2), NP_626251.1; Mtu, M. tuberculosis H37Rv, P64785 (Rv1259). Family 1 (UDG):
Eco, E. coli, NP_289138. Family 2 (MUG/TDG): Eco, E. coli, POA9H1. Family 3 (SMUG1): Gme, G. metallireducens GS-15,YP_383069. Family 3 (SMUG1): Gme,
G. metallireducens GS-15,YP_383069; Family 4 (UDGa): Tth, T. thermophilus HB27, YP_004341.1.

thase (encoded by tms), which is then phosphorylated to form
dTTP as one of the regular nucleoside triphosphates for DNA
synthesis. The E. coli strain BW276 is deficient in ung xth and
contains a temperature-sensitive dut-1 gene (23). E. coli cells
deficient in xt/ (encodes an AP endonuclease) is lethal, but the
lethality is rescued by deletion of ung (23). At permissible tem-
perature (22 °C), the active dUTPase prevents dUTP from
incorporating into DNA during replication (Fig. 84, left panel).
Athigh temperature (42 °C), uracil is incorporated into DNA to
form A/U base pairs because of the loss of much of the dUTPase
activity. In the absence of the endogenous UNG, which
removes uracil from A/U base pair, cells remain viable because
a limited amount of uracil incorporated into the genome is tol-
erated (32). However, cells lose viability in the presence of
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active UNG, which constantly removes uracil from A/U base
pairs and creates toxic AP sites (Fig. 84, right panel).

We were interested in understanding how the ability of a
UDG to remove uracil from an A/U base pair in vitro correlates
to its ability to do so in vivo. In examining the UDG activity of
Tth UDGD on the A/U base pair, we found a descending trend
of the activity in the order of WT > D75Q > D75N > N120D >
N195A > N195Q > N195D, N195E > D75E > N120Q, N120E,
N120A, D75A in the Tth UDGb mutants (Figs. 4-7). We
thought that this spectrum of UDG activity on the A/U base
pair could provide an excellent opportunity to test how the in
vitro activity correlates to in vivo uracil removal. As illustrated
in Fig. 84, the UDG activity on A/U base pairs in the wild type
Tth UDGb was expected to render the E. coli BW 276 strain
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FIGURE 4. Glycosylase activity of Tth UDGb D75 mutants on U-, I, X-, and
0O-containing DNA substrates. Cleavage reactions were performed as
described under “Experimental Procedures” at 50 °C for 60 min with 100 nm
protein and 10 nm substrate. A, Tth UDGb-D75A. B, Tth UDGb-D75E. C, Tth
UDGb-D75N. D, Tth UDGb-D75Q.

much less viable. On the other hand, the lack of activity on A/U
base pairs in the D75A mutant should allow the cells become
much more viable, even at 42 °C. Mutants with intermediate
levels of in vitro activity toward A/U base pairs should also
exhibit intermediate cell viability. Indeed, we found an inverse
correlation between the in vitro activity on A/U base pairs and
the viability as measured by the relative plating efficiencies at
42 °C/22 °C (Fig. 8, Band C). These results indicate that a higher
level of the activity on the A/U base pairs will lead to a better
removal of uracil from A/U base pairs in the genome and thus
limits the survival of the dut” cells.

DISCUSSION

Comparison of Substrate Specificity in UDG Superfamily—
UDG superfamily encompasses six diverse families. This study
reveals that family 5 UDGb is a deamination repair enzyme with
rather broad specificity. Among the UDG enzymes we have
investigated, only Schizosaccharomyces pombe TDG shows a
broader specificity, because it acts on all deaminated bases (6).
Family 5 UDGb can act as a uracil, hypoxanthine, and xanthine
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FIGURE 5. Glycosylase activity of Tth UDGb N120 mutants on U-, I, X-, and
O-containing DNA substrates. Cleavage reactions were performed as
described under “Experimental Procedures” at 50 °C for 60 min with 100 nm
protein and 10 nm substrate. A, Tth UDGb-N120A. B, Tth UDGb-N120Q. C, Tth
UDGb-N120D. D, Tth UDGb-N120E.

DNA glycosylase (Fig. 1). In comparison, family 1 UNG only
works on uracil, whereas family 2 E. coli MUG and family 3
SMUGTI act on both uracil and xanthine. Therefore, family 5
UDGb is a versatile repair enzyme that can deal with multiple
types of deaminated base lesions. Interestingly, family 5 UDGb
is implicated in playing a role in the repair of hypoxanthine in
vivo in addition to its role in the repair of uracil (14). Recently,
we reported on a new family of enzymes in the UDG superfam-
ily that act as hypoxanthine DNA glycosylases rather than ura-
cil DNA glycosylases (13). Taken together, these data indicate
that enzymes in the UDG superfamily can play a variety of roles
in the repair of deaminated base lesions. Structurally, the active
sites of the enzymes in the superfamily appear to be adaptable
to accommodate both pyrimidine and purine deaminated
products. Evolutionarily, different families have evolved a
rather impressive spectrum of specificity, from family 1 UNG
acting exclusively on one type of lesion (uracil) to family 6 HDG
acting primarily on one type of lesion (hypoxanthine); from
family 2 E. coli MUG and family 3 SMUGI acting on two types
of lesions (uracil and xanthine) to family 5 UDGb acting on
three types of lesions (uracil, hypoxanthine, and xanthine) and

JOURNAL OF BIOLOGICAL CHEMISTRY 18419



Family 5 UDGDb in Uracil DNA Glycosylase Superfamily

100
80
60 4
401
20

0

Tth UDGb-H190A A

Product (%)

=[FY

clH]

SiloY

cla

lie}

— >
s
—|C .
>|Q .
tslle)

>
=
o]l g
=
ola
ola

1004 Tth UDGb-H190N
80+
60
404
20+

Product (%)

g

ola
oln

c>
clH
clom
clo
— >
—|
—|C |
—l0

>
S
X
k] [e!
o>

ol
ol=

100 {Tth UDGb-H190S
80
60
40
20

Product (%)

il

[>

TA T \-I T TA T \.I T
ATGC ATGC IGC ATGC
UUUUU TIIIII XXXXX 00000

FIGURE 6. Glycosylase activity of Tth UDGb H190 mutants on U-, |-, X-, and
O-containing DNA substrates. Cleavage reactions were performed as
described under “Experimental Procedures” at 50 °C for 60 min with 100 nm
protein and 10 nm substrate. A, Tth UDGb-H190A. B, Tth UDGb-H190N. C, Tth
UDGb-H190S.

family 2 S. pombe TDG acting on four types of lesions (uracil,
hypoxanthine, xanthine, and oxanine). Additionally, the family
2 human TDG has evolved to act as a demethylase to remove
formyl-C and carboxyl-C to initiate an enzymatic demethyla-
tion process in epigenetics.

HDG Activity and Base Flipping—The hypoxanthine DNA
glycosylase activity from Tth UDGDb showed a trend of G/I >
A/Tand T/I (Fig. 1 and Table 1). This trend, in general, is con-
sistent with the observations we previously made in Methano-
sarcina bakeri HDG and human endonuclease V (13, 33). The
PMF analysis indicates that the G/I base pair is the least stable
among the four base pairs (Fig. 2). The T/I and A/I base pairs
have a similar level of higher stability than the G/I base pair. The
C/Ibase pair has the highest level of stability, in keeping with its
structural similarity to a C/G base pair (34). The outcome of the
computational analysis on the stability of the hypoxanthine-
containing base pairs is consistent with experimental analyses
previously reported (35-37). The stability of the base pairs as
estimated by the PMF calculation suggests that the G/I base
pair is more prone to base flipping. Indeed, the wild type Tth
UDGD showed 10-fold higher activity with the G/I base pair
than the A/I or the T/I base pair (Table 1). In addition, a large
number of mutants still maintained some level of activity on the
G/I base pair, whereas the activity on the A/I or T/I base pair
was either negligible or not detected (Figs. 4-7). This is in
accord with the notion that base flipping renders the glycosidic
bond more reactive (38). The consistency between the hypo-
xanthine DNA glycosylase activity on different base pairs and
the tendency of base flipping suggests that some of the repair
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FIGURE 7. Glycosylase activity of Tth UDGb N195 mutants on U-, I-, O-,and
X-containing DNA substrates. Cleavage reactions were performed as
described under “Experimental Procedures” at 50 °C for 60 min with 100 nm
protein and 10 nm substrate. A, N195A. B, N195Q. C, N195D. D, N195E.

enzymes rely on the instability of the base pairs to capture the
deaminated base, hypoxanthine. Therefore, these data under-
score the importance of base pair stability in promoting the
catalysis of deaminated bases. This is an example in which the
observed catalytic activity of an enzyme is perturbed not by
chemically altering the substrate functional groups directly
involved in enzyme recognition but by altering the conforma-
tional equilibrium of a substrate.

Inverse Correlation of Viability and the UDG Activity on A/U
Base Pairs—The UDG enzymes may play two roles in vivo.
First, when cytosine is deaminated, UDG can remove the
deaminated cytosine, i.e., uracil, from the G/U base pair. Sec-
ond, uracil may be incorporated into a DNA through dUTP to
form A/U base pairs. The A/U base pair can be removed by a
UDG with activity on A/U base pairs. The family 5 UDG
enzymes possess repair activity on both G/U and A/U base
pairs. The physiological role of the UDG in removing uracil
from G/U base pairs has been studied (14, 18). However,
whether the UDG activity of UDGb on A/U base pairs can
remove uracil iz vivo remained unclear. Based on the genetic
properties of dut™ ung xth genes in E. coli, we adopted strain
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FIGURE 8. The survival of E. coliBW276 containing Tth udgb genes at 42 and 22 °C and their correlation with enzymatic activity of Tth UDGb variants
on the A/U base pair. A, principle of the in vivo assay. dut, gene for dUTPase; tms, gene for thymidylate synthase; xth, AP endonuclease; ts, temperature-
sensitive. B, the survival of E. coli BW276 containing pBS-Tth-UDGb variants vectors at 42 and 22 °C. Cells with Ag, value of 1 were diluted 1 X 10* times, and
150 wl of diluted cells were spread on the LB plates containing ampicillin and thymidine and incubated for 24 h at 42 °C or 72 h at 22 °C. pBS, pBluescript. C,
correlation between A/U enzymatic activities of Tth UDGb variants and the survival of E. coli BW276 containing pBS-Tth-UDGb variants vectors at 42 and 22 °C.
The cleavage reactions of Tth UDGb variants were performed as described under “Experimental Procedures” at 50 °C for 60 min with 100 nm protein and 10 nm
substrate. The data of cleavage activities were plotting according to the right y axis. For the convenience of counting colonies grown at 22 °C, E. coli cells were
diluted 1 X 10° times prior to plating. For counting colonies grown at 42 °C, E. coli cells were diluted as follows prior to plating: pBluescript, D75A, N120A,
N120E, N120Q, D75E, N195E, N195Q, N195D, and N195A, 1 X 10° times; N120D, 1 X 10° times; D75N, 2 X 10 times; D75Q, 1 X 103 times; wild type, 1 X 10?
times. Cell numbers were counted on LB plates containing ampicillin and thymidine after incubation at 42 °C for 24 h or incubation at 22 °C for 72 h. The relative
plating efficiencies were calculated by the ratios of the cell numbers between 42 and 22 °C. The data of relative plating efficiencies (RPE) are plotted as the left
y axis. The data are the averages of at least three independent experiments. B, relative plating efficiencies; O, UDG activity on the A/U base pair.

BW 276 for our investigation for the purpose of understanding
the physiological role of the UDG activity on A/U base pairs.
Since the transition from the RNA world to the DNA world,
nature has chosen thymine over uracil as the fourth base in
DNA. Because DNA polymerase can incorporate dUTP to
DNA, the level of dUTP in a cell has to be kept minimal to
prevent appearance of uracil in DNA genomes. The highly
active dUTPase encoded by the dut gene efficiently hydrolyzes
dUTP to dUMP to serve two important functions. First, it min-
imizes the dUTP in the nucleotide pool to prevent its incorpo-
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ration into DNA. Second, it produces the dUMP, which is con-
verted to dTMP by thymidylate synthase for DNA synthesis.
Once a dUTP is accidentally incorporated into DNA to form an
A/U base pair, the UDG with activity on A/U base pairs can
remove it through the base excision repair pathway. Thus,
dUTPaseand thebase excisionrepair pathway serveas preventa-
tive and corrective mechanisms to ensure a uracil-free DNA
genome in the DNA world at both the nucleotide and DNA
levels. The inverse correlation between the UDG activity on
A/U base pairs and the viability of the BW 276 cells indicates
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that Tth UDGDb can remove uracil from A/U base pairs (Fig. 8).
The increase of UDG activity on A/U base pairs accompanied
by the corresponding decrease in viability suggests that the
genetic assay correlates well with the in vitro biochemical assay.
Therefore, the genetic system described here can be a useful
tool to study other uracil DNA glycosylases with activity on
A/U base pairs.

Unique Catalytic Mechanism—The catalytic mechanisms
are most extensively studied in family 1 UNGs and to a lesser
degree in family 2 enzymes. A common theme in the hydrolysis
of N-glycosidic bonds is that an oxacarbenium ion intermediate
is formed in the transition state (38, 39). The catalytic power to
accelerate the hydrolysis reaction comes from a combination of
activation of the leaving group, stabilization of the oxacarbe-
nium ion, and activation of water as a nucleophile. For family 1
UNG enzymes, structural, biochemical, mutational, and kinetic
investigations have identified a His residue (His'®” in E. coli
UNG) in motif 2 as a critical residue that forms a short hydro-
gen bond to O, of uracil to promote the departure of the uracil
anion leaving group (40 —44). In addition, a negatively charged
Asp residue (Asp®® in E. coli UNG) is proposed to act as a gen-
eral acid to activate a water molecule (40, 43, 45). For family 2
MUG/TDG enzymes, it is proposed that an Asn residue (Asn'®
in E. coli MUG), which is located in an equivalent position as
Asp®® in E. coli UNG, may activate a water molecule to initiate
the nucleophilic attack at the glycosidic bond (46, 47). Family 5
UDGD enzymes lack a catalytic Asp/Asn residue in motif 1 as
seen in family 1 and family 2 enzymes. However, a water mole-
cule was observed near the conserved Asn'*° in the Tth UDGb
structures complexed with AP/G- or AP/A-containing DNA
(19). The conserved His'?° in motif 2 is also implicated in the
removal of uracil by the Pae UDGb (12). In light of the broad
deaminated base excision specificity demonstrated in this study
(Fig. 1B), we set out to identify residues that are important for
the excision of both pyrimidine base damage and purine base
damage.

In the Tth UDGb crystal structure, Asp”” is involved in coor-
dination of a water molecule through its side chain (19). The
D75E mutant, which retained the negative charge on the side
chain, still maintained UDG, HDG, and XDG activity (Fig. 4B).
Other substitutions result in substantial reduction of XDG,
HDG, and UDG activity (Fig. 4). To understand the role of
Asp”® in the excision of both pyrimidine and purine base dam-
age, we modeled U, I, and X into the crystal structure and car-
ried out molecular dynamics simulation analysis. In the mod-
eled Tth UDGb-U structure, the side chain of Asp’® is in close
proximity to the O4 of uracil. A distance averaging 4.9 A is
consistent with a bridging water molecule mediating an inter-
action between Asp”’® and the O4 of uracil (Fig. 94). A closer
look at the modeled Tth UDGb structures suggests that Asp”” is
in close proximity to the 5" phosphate of the uridine, which can
raise the pK, and facilitate protonation of the Asp”” side chain.
This will allow the bridging water molecule to form a hydrogen
bond with the O4, which facilitates the removal of uracil (Fig.
10, A and D). Mutations at the Asp’® position exhibited more
profound effects on HDG and XDG activity (Fig. 4). In the mod-
eled UDGb-I and UDGb-X structures, the protonated side
chain carboxylate of Asp”® can interact with the N7 in the
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hypoxanthine and xanthine through a bridging water molecule
in a similar fashion (Fig. 10, B—E and C—F). MD analysis indi-
cates that the carboxyl side chain is within a distance capable of
forming a water-mediated hydrogen bond with the N7 in the
purine bases (Fig. 9, B and C). On the other hand, the lack of
interaction to the N7 moiety in oxanine may be in part respon-
sible for the lack of ODG activity, although the interaction with
the N3 in oxanine appears feasible (Fig. 9, D and E). Activation
of a purine base through hydrogen bonding or protonation has
been proposed as a catalytic mechanism for the cleavage of
glycosidic bonds in purine nucleotides. In acid-catalyzed
hydrolysis of purine nucleosides, N7 and N3 protonations pro-
mote the departure of the purine base (48). In enzyme-cata-
lyzed reactions, MutY, a DNA repair glycosylase involved in
removal of adenine from G/A base pairs, catalyzes the excision
of adenine by protonating the N7 position (49, 50). Biochemical
and structural studies identify a Glu residue (Glu®” in E. coli
MutY and Glu*® in Bacillus stearothermophilus MutY) in the
active site that can serve as a general acid in promoting N7
protonation (51-55). The close proximity of a water molecule
between the Glu*® in B. stearothermophilus MutY and N7 indi-
cates that the proton for N7 protonation can come from water
coordinated by Gu*® (56). Within the UDG superfamily, we
identified an Ser®>-N7 interaction in the E. coli family 2 MUG
enzyme and an Met® main chain-N7 interaction in the Geo-
bacter metallireducens family 3 SMUG1 enzyme that play
important roles in the excision of xanthine bases (10, 21).
Apparently, N7 interaction or protonation is a common cata-
lytic mechanism for leaving group activation in the hydrolysis
of purine deaminated bases.

According to the AP site cocrystal structure, Asn'*° is
involved in coordinating a water molecule that is located on the
opposite side of the deoxyribose (19). Elimination of the amide
group or lengthening of the amide group by one methylene
carbon leads to the loss of XDG activity and a substantial reduc-
tion of HDG and UDG activity (Fig. 5). Based on the structural
information and biochemical analysis, we speculate that Asn'*°
may perform a functional role similar to Asn*® in E. coli family
2 MUG, in which the Asn helps activate/position a water mol-
ecule for initiating a nucleophilic attack on the glycosidic bond.
According to MD analysis, an average distance between OD1 of
Asn'?®and C1’ carbon of deoxyribose is ~5.0 A (Fig. 9, F-H). A
structural comparison between Asn'® in MUG and Asn'*° in
Tth UDGb is shown in Fig. 11. Although differences in the
sequence lengths between the Tth UDGb and the E. coli MUG
enzyme prevent a perfect alignment, strong structural similar-
ity is noted in the core secondary structural elements including
five B-sheets and four a-helices (Fig. 11A4). The strong struc-
tural similarity is also noted in the active sites (Fig. 11B). The
Asn'® in MUG and Asn'?° in Tth UDGb hydrogen bond with
water through their side chains, positioning the water molecule
proximal to the anomeric carbon of the bound nucleotide.
Thus, different families in the UDG superfamily have adopted
the same amino acid residue in different structural locations to
perform a similar function.

Among the six families within the UDG superfamily, families
1, 3, 4, and 5 contain a His residue at the beginning of motif 2
(Fig. 3B). Mutational studies in family 1 enzymes confirm that
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FIGURE 9. Two-dimensional scatter plots of heavy atom distances in the active site of enzyme-DNA complexes obtained from MD trajectories. A,
distances for interactions between Asp’® and uridine. B, distances for interactions between Asp”” and inosine. C, distances for interactions between Asp’® and
xanthosine. D, distances for interactions between Asp”® and oxanosine. E, distances for interactions between Asn'?°, His'®°, and oxanosine. F, distances for
interactions between Asn'?°, His'®°, and uridine. G, distances for interactions between Asn'2°, His'®°, and inosine. H and /, distances for interactions between
Asn'?°, His"*° and xanthosine.

the His residue plays an important role in catalysis and suggest hydrogen bond with O, of uracil (Fig. 9F). The predominant
that His'®” in E. coli UNG can form a hydrogen bond with O, of  role His'*° plays in UDG activity suggests that the catalysis of
uracil (41-43). Spectroscopic analyses indicate that His'®” in  glycosidic bond hydrolysis during uracil excision is likely to
E. coli UNG is neutral and forms a short hydrogen bond with  follow a stepwise Dy *Ay; mechanism in which the uracil base
the O, group (44, 57). Mutational and biochemical investiga- departs as a uracil anion. Similar to the catalytic mechanism in
tions in family 3 SMUGLI enzymes also underscore the impor- family 1 UNG enzymes, the hydrogen bonding provided by
tance of the His residue in motif 2 in catalysis (10, 58). Data  His'® can promote the departure of the leaving group by sta-
from this work indicate that His'®® in family 5 Tth UDGb is  bilizing the uracil anion. This appears to be the main catalytic
critical for all deaminated base glycosylase activity (Fig. 6). The power endowed in family 5 Tth UDGb for uracil excision.

elimination of the imidazole side chain renders the enzyme His'®° is also important for hypoxanthine and xanthine exci-
essentially inactive except for a minor HDG activity on G/I base  sion (Fig. 6). Similar to nonenzymatic purine nucleoside
pairs and a barely detectable XDG activity on G/X base pairs hydrolysis (48), the hydrogen bonding provided by His"*° to N3
(Fig. 6). HI90N and H190S can rescue the activity to a very of hypoxanthine could promote the departure of hypoxanthne.
limited extent (Fig. 6). Evidently, UDG activity relies on His'”®  Biochemical studies using adenine analogs also indicate that
in motif 2 because H190A is the only mutant that results ina E. coli MutY utilizes the N3 interaction to enhance adenine
loss of UDG activity. D75A and N120A mutants reduce but do  excision (59). In the modeled structure, the hydrogen in NE2 of
not completely eliminate the UDG activity. Similar to family 1 ~ His'®® of Tth UDGb is within 2.1 A of the N3 of hypoxanthine
UNG enzymes, MD analysis suggests that His'® can form a  (Fig. 10, Band E), consistent with a moderately strong hydrogen
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FIGURE 10. Close-up views of the Tth UDGb-DNA active site interactions in the energy minimized structures. Tube trace of the protein is colored in tan.
Uridine (U), inosine (1), and xanthosine (X), as well as amino acids Asp”®, Asn'2°, and His'®°, are colored by atom type. Water molecules are labeled in purple.
Dashed lines indicate inferred hydrogen bonds or water association. A, modeled Tth UDGb-U interactions. B, modeled Tth UDGb-l interactions. C, modeled Tth
UDGb-X interactions. D, chemical illustration of Tth UDGb-U interactions. E, chemical illustration of Tth UDGb-I interactions. F, chemical illustration of Tth
UDGb-X interactions.

FIGURE 11. Comparison of interactions between Tth UDGb-N120 with water and E. coli MUG-N18 with water. A, superimposition of UDGb-AP structure
(Protein Data Bank code 2DEM; green) with E. coli MUG structure (Protein Data Bank code TMUG; silver). The AP site is colored by atom type. The two structures
were superimposed using the program VMD. B, close-up view of Tth UDGb-N120-water and E. coli MUG-N18-water interactions using the same coloring
scheme described in A. Asn'?° and the interacting water in Tth UDGb structure are shown in purple. Asn'® and the interacting water in the MUG structure are
shown in orange.

bond. MD analysis also supports the hydrogen bonding model hydrogen bonding with the N3 moiety of xanthosine. His**° is

between His'*® and N3 of hypoxanthine (Fig. 9G). For the xan-
thine-containing base pairs, although normally the N3 position
is shown as protonated, xanthosine exists as a monoanion
under physiological conditions (60, 61). Thus, as supported by
the modeled structure and MD analysis (Figs. 9H and 10, C and
F), His'®® can promote the departure of xanthine through

18424 JOURNAL OF BIOLOGICAL CHEMISTRY

3.5and 4.2 A from N3 and O, of xanthosine based on the energy
minimized structure, raising the possibility of forming a biden-
tate hydrogen bond (Fig. 10, C and F). MD analysis also sup-
ports the possibility of a bidentate hydrogen bond (Fig. 9, H and
I). The caveat here is that for the excision of deaminated purine
bases, the potential water activation by Asn'*° and the water-
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mediated N7 contact by Asp”’® are also important. Therefore,
family 5UDGb enzymes may rely on the concerted action of
multiple catalytic residues to excise hypoxanthine and xanthine
and are likely to catalyze the N-glycosidic bond hydrolysis
through a dissociative A Dy mechanism.

In summary, this study for the first time comprehensively
investigated deaminated base repair by the family 5 Tth UDGb
enzyme. The data presented here reveal that family UDGb
enzymes are uracil, hypoxanthine, and xanthine DNA glyco-
sylases. The inverse correlation between cellular viability and
the UDG activity on A/U base pairs offers a tool to study the
role of different UDG enzymes in keeping uracil out of DNA in
the DNA world. In addition to taking advantage of greater tend-
ency for base flipping that occurs in damaged DNA base pairs,
family 5 UDGDb enzymes have adapted multiple mechanisms to
achieve deaminated base excision. Whereas the UDG activity
heavily relies on the leaving group activation mediated by O, of
uracil and His'®° to excise a uracil base, the family UDGb
enzymes combine an existing catalytic element (His'?° in Tth
UDGDb) with additional nucleophile activation and purine-spe-
cific leaving group activation mechanisms to expand their DNA
repair capacity. As such, family 5 UDGD offers an example of
how an enzyme may strategically acquire catalytic elements to
broaden its specificity.
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