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Abstract: Uracil-DNA glycosylases (UDGs) are evolutionarily conserved DNA repair enzymes that

initiate the base excision repair pathway and remove uracil from DNA. The UDG superfamily is

classified into six families based on their substrate specificity. This review focuses on the family I
enzymes since these are the most extensively studied members of the superfamily. The structural

basis for substrate specificity and base recognition as well as for DNA binding, nucleotide flipping

and catalytic mechanism is discussed in detail. Other topics include the mechanism of lesion
search and molecular mimicry through interaction with uracil-DNA glycosylase inhibitors. The lat-

est studies and findings detailing structure and function in the UDG superfamily are presented.
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Introduction

Virtually all organisms employ DNA repair path-

ways to identify and correct damages in DNA mole-

cules. Damages to DNA may be caused by

endogeneous (e.g., DNA polymerase infidelity, reac-

tive oxygen species produced from normal metabolic

byproducts) and/or exogeneous agents (such as UV

radiation, X-rays, gamma rays, plant toxins, human-

made mutagenic chemicals, viruses, cancer chemo-

therapy, and radiotherapy). Some of the observed

lesions are listed in Figure 1. Bulky DNA lesions

such as thymine dimers or 6,4-photoproducts caused

by UV radiation or by environmental mutagens are

repaired by the nucleotide excision repair (NER)

pathway. NER provides an important defense mech-

anism for both prokaryotic and eukaryotic organ-

isms. Repair of cyclobutane thymine dimers and 6,4-

photoproducts in prokaryotes can also be performed

by the enzyme photolyase through an enzymatic pro-

cess named DNA photoreactivation, which depends

on a non-covalently bound cofactor, flavin adenine

dinucleotide. Photolyase has been found in organ-

isms from all kingdoms of life, except placental

mammals. Repair of cyclobutane pyrimidine dimers

(CPDs) by photolyase is faster than removal by NER

in prokaryotes and archaea. Structure and function

of this enzyme have been reviewed.1 As part of NER

in prokaryotes and archaea these same lesions and

other structurally unrelated DNA damages (such as

single base modifications, intra- and interstrand

cross-links, DNA backbone modifications) are identi-

fied and repaired by the UvrABC system. The pro-

teins in this system recognize and cleave damaged
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DNA in a multistep ATP-dependent reaction. A

detailed review of prokaryotic nucleotide excision

repair featuring the UvrABC system is available.2

NER in eukaryotes involves a multiprotein complex

of nine major proteins (XPA, XPB, XPC, XPD, XPE,

XPF, XPG, CSA, and CSB) and a number of addi-

tional proteins including ERCC1, RPA, RAD23A,

RAD23B. Various aspects of NER in eukaryotes

have been reviewed.3,4

Modifications of DNA bases through oxidation,

deamination or alkylation are repaired by the base

excision repair (BER) pathway.5 BER is initiated by

DNA glycosylases, which remove cytotoxic and

mutagenic bases from DNA. DNA glycosylases are

classified into monofunctional DNA glycosylases and

bifunctional DNA glycosylases/AP lyases. The mono-

functional enzymes cleave the N-glycosidic bond

between the target base and deoxyribose using

water as a nucleophile, thereby releasing a free base

and leaving an apurinic/apyrimidinic (AP) site (also

called abasic site). Bifunctional DNA glycosylases/

AP lyases utilize an amino group of the enzyme as a

nucleophile to form a Schiff ’s base intermediate. The

amine nucleophile is generated by deprotonation of

a conserved lysine residue by a conserved aspartic

acid.6 The covalent intermediate then goes through

an enzyme-catalyzed b-elimination step, which leads

to cleavage of the phosphodiester bond 3’ from the

Figure 1. Types of lesions found in DNA. A. Oxidation of bases: 8-oxo Guanine forms a Hoogsteen base with Adenine [left];

oxidation of Thymine leads to 5-hydroxymethyl Uracil (5-HmU) [right]. B. Indirect DNA damage (UV-B light): Cyclobutane dimer.

C. Hydrolysis of bases: Cytosine deamination leads to Uracil [left] that forms a base pair with Adenine instead of Guanine [right].

D. Alkylation (methylation): 5-methyl Cytosine is an epigenetic modification of DNA methyltransferases [left]; Cytosine deamina-

tion forms Uracil [Fig. 1(C)] while deamination of 5-methyl Cytosine forms Thymine (resulting in a transition mutation: C ! T).
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abasic site.6 Because abasic sites are highly cyto-

toxic, the action of monofunctional glycosylase is fol-

lowed by other enzymes to complete the repair. If

left unrepaired, AP sites can lead to mutation dur-

ing semiconservative replication, and they can also

cause replication fork stalling. In the “short-patch”

BER, after removal of the abnormal base an AP-

endonuclease (APE1 in humans) generates a single-

strand break by strand cleavage 50 to the resulting

abasic site.7 Eukaryotic DNA polymerase b (Pol b)

can catalyze DNA synthesis during BER, and the

enzyme attaches a single nucleotide to the newly

generated 30-OH to displace the abasic sugar-phos-

phate.8 The intermediate product, a 50-terminal

deoxyribose phosphate (ORP) residue, is subse-

quently removed by the enzyme’s AP-lyase activ-

ity.6,8 The “nick” is sealed by DNA ligase III, which

interacts with Pol b through the XRCC1 protein,

and the combined enzymatic actions restore the orig-

inal DNA sequence.6,9

Uracil-DNA glycosylase families—Overview

Uracil-DNA glycosylases (UDG) are monofunctional

glycosylases and they remove uracil from DNA. Ura-

cil (Ura) in DNA may result from spontaneous

deamination of cytosine (Cyt) or incorporation of

dUMP during DNA synthesis.10,11 UDG enzymes

have been identified in archaea (e.g., Sulfolobus sol-

fataricus, Pyrococcus furiosis, Methanococcus janna-

schii), eubacteria (e.g., Escherichia coli, Bacillus

subtilis, Neisseria meningitidis, Helicobacter pylori,

Mycoplasma pneumonia, Campylobacter jejuni,

Deinococcus radiodurans, Mycobacterium tuberculo-

sis), eukaryotes (e.g., Homo sapiens, Saccharomyces

cerivisiae, Caenorhabditis elegans, Drosophila mela-

nogaster, Arabidopsis thaliana) and large DNA

viruses (herpes viruses, poxviruses). On the basis of

substrate specificity UDGs are classified into six

families.10,12 The sequence alignment of characteris-

tic motifs in the six UDG families is shown in Figure

2(A). For families I–V only the N-terminal (Motif A)

and the C-terminal (Motif B) motifs that correspond

to the extended regions of the “water-activating”

loop and the “Leu-intercalation” loop are high-

lighted. For family VI the extended region of the

“water-activating loop” in the helix-hairpin-helix

(HhH) motif is displayed together with the [4Fe-4S]

cluster binding motif. Based on the sequence align-

ment of all displayed family I-VI UDG sequences in

Figure 2(A) a phylogenetic tree was generated that

emphasizes the distinct separation between the six

families [Fig. 2(B)].

Family I UDGs (also referred to as UNGs) such

as the Escherichia coli (E. coli) and human UNG

proteins are the most extensively studied enzymes

within the UDG superfamily. UNGs are highly spe-

cific for uracil (Ura) and except for 5-fluorouracil

(5-fU), which is cleaved at a reduced rate, UDGs do

not even excise 5-substituted Ura.13 Their major bio-

logical function is to remove from DNA the uracil

produced by cytosine deamination.14 The UNG

enzymes excise Ura from both single-stranded DNA

(ssDNA) and double-stranded DNA (dsDNA) with

the preference ssU>U:G>U:A.

Family II UDGs such as E. coli mispair-specific

uracil glycosylase (MUG) and human thymine DNA

glycosylase (TDG) are mismatch-specific enzymes for

dsDNA. They are active against the U:G mispair but

exhibit only weak or no activity against the U:A

base pair.15 TDG excises thymine (Thy) from T:G

mispairs. Although originally thought to be specific

for removing Ura from U:G mispairs, E. coli MUG

has subsequently been found to be active against

DNA substrates carrying a variety of modified DNA

bases.16 At high enzyme concentrations, MUG can

also excise Thy from T:G mispairs.15

Family III UDGs (sMUGs) are only found in

higher eukaryotes.17,18 Although it was initially

identified to be selective for ssDNA, the sMUG

enzyme not only uses dsDNA as substrate but has a

higher affinity for uracil-containing dsDNA sub-

strates.18 Interestingly, in addition to removing Ura

from U:G mispairs and U:A base pairs, the sMUG

enzymes can also excise 5-hydroxymethyluracil (5-

HmU) but not 5-methyluracil (Thy).

The remaining three families of UDG are found

in thermophilic and hyperthermophilic eubacteria

and archaea. These enzymes have four conserved

cysteine residues that act as ligands for four Fe

atoms in the cubic iron-sulfur (4Fe-4S) cluster. The

UDG enzymes in these families can remove Ura

from uracil-mismatched dsDNA. Families IV and VI

but not family V can also excise Ura from ssDNA

substrates. The family V UDG enzyme from Ther-

mus thermophilus HB8 lacks a polar residue at the

active site but can still excise Ura.10 In contrast, the

family IV enzyme from Thermus thermophilus HB8

removes Ura from dsDNA and ssDNA and discrimi-

nates against Thy.19 Human UNG has a similar sub-

strate specificity.

UDG families I through V show <10% overall

sequence homology but they share a common fold of

the core domains and utilize common motifs, one at

the N-terminus for pyrimidine binding and the other

at the C-terminus for glycosidic bond hydrolyis.6 The

sixth UDG family contains an iron-sulfur (4Fe-4S)

cluster as families IV and V. Members of this family

share a central a-helical domain, which consists of a

helix-hairpin-helix (HhH) motif. A conserved Asp

residue in the HhH motif is essential for the cata-

lytic activity. Uracil-DNA glycosylase from Methano-

coccus jannaschii (MjUDG), and mismatch-specific

glycosylases (MIG) from Pyrobaculum aerophilum

(PaMIG) and Methanobacterium thermoautotrophi-

cum (MthMIG) belong to this family.12,20 The two

MIG enzymes are specific for U:G and T:G
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Figure 2. A. Characteristic motifs in family I–V and family VI. Displayed are characteristic motifs (Motifs A and B) for family I–V

and family VI UDG enzymes (the distinct HhH Motif and the Motif for the Iron-Sulfur Cluster). Highlighted (shaded) are active

site residues of the catalytic water-activating loop as well as the Leu-intercalation loop for families I–V, and the catalytic water-

activating loop in the HhH Motif as well as the conserved Cys residues of the Iron-Sulfur Cluster for family VI. The conserved

catalytic Asp residue in the HhH Motif of family VI enzymes is also shaded. Except for family VI amino acid sequences are

taken from structures supplemented by other sequences in the same family with secondary assignments based on the first

listed structure in family I-V UDGs. The shown sequence alignment is an updated version of the sequence alignment described

by Chung et al. with additional sequences, secondary structure assignments and structures provided. Structures and sequen-

ces are discussed in the subsections for each family.12 B. Phylogenetic tree of sequence alignment [Fig. 2(A)] for the UDG

superfamily. Families I–VI (includes subfamilies in family VI) are labeled. Sequence IDs or PDB IDs are shown at each branch.



mismatches, and can process mismatches of Ura and

Thy with 7,8-dihydro-oxoguanine, but are not active

on ssDNA. Howver, MjUDG is similar to family I

UDG in that it catalyzes the removal of Ura from

both ssDNA and dsDNA, but unlike any other

UDGs, MjUDG can also excise 8-oxoguanine.12 Fam-

ily I UDGs have been most extensively studied.

Approximately 75% of all UDG structures deposited

in the Protein Data Bank are for family I enzymes.

Family I uracil-DNA glycosylases (UNGs)

Properties (sequence, fold, motifs, activity).

Family I UDGs (UNGs) are found in a variety of

organisms including DNA viruses such as poxviruses

and herpes viruses. Overall, the C-terminal 200

amino acid residues that include the catalytic

domain are conserved. These proteins contain

diverse N-terminal extensions that are associated

with subcellular localization, regulation and protein-

protein interactions.11 For example, alternative pro-

moter usage and splicing of the gene leads to two

mammalian isoforms, mitochondrial UNG1 and

nuclear UNG2; the nuclear form contains an N-

terminal extension that shows a proliferating cell

nuclear antigen (PCNA) binding motif and two repli-

cation protein A (RPA) motifs.

Figure 3(A) shows the structure-based sequence

alignment of UNGs from various organisms. Overall,

amino acid sequences, motifs and structures in these

proteins are well conserved while the largest devia-

tions are observed for poxvirus UNGs. When com-

pared with UNGs of other organisms only 9 out of

24 residues in the motifs for DNA binding and cata-

lytic activity are conserved in poxvirus UNGs. On

the other hand, 5 of the 6 active site residues are

identical to the conserved residues in UNGs of other

organisms (Table I). Human UNG (hUNG) shares

56, 54, 49, and 40% amino acid identity with E. coli,

yeast, B. subtilis and Herpes simplex virus (HSV)

UNG, while the sequence identity with Vaccinia

virus UNG (vUNG) is only 20%. When conservative

amino acid substitutions are included, the sequence

homology increases by 10–20% for E. coli UNG

(eUNG), human, Herpes simplex virus 1 (HSV-1)

UNG and vUNG.21 Structural superimposition of

eUNG with hUNG and HSV-1 UNG shows root-

mean-squared (rms) distances for Ca positions of 0.9

and 1.5 Å, respectively, while rms distances for Ca

positions between hUNG and HSV-1 UNG are 1.3 Å.

On the other hand, only the core domain of vUNG

(�140–150 residues) superimposes reasonably well

with hUNG, eUNG and HSV-1 UNG with rms devia-

tions of 2.0, 2.1, and 2.0 Å, respectively; the overall

sequence identity for this domain is �21%.

The core of the UNG structure consists of a par-

allel b-sheet of four strands (order 2134) sandwiched

between two pairs of a-helices [Fig. 3(B)].22 The

structures of DNA complexes reveal a specific uracil-

binding pocket located in a DNA binding groove.

Structural data on DNA substrate recognition and

the catalytic mechanism of uracil excision have been

gathered from the studies of hUNG, eUNG, and

HSV-1 UNG in complex with DNA [PDBIDs: 1SSP,

2SSP, 4SKN, 1EMH, 1EMJ, 1FLZ, 1LAU].

UNGs contain five conserved motifs: (1) the cata-

lytic water-activating loop (143-GQDPYH-148 in

hUNG); (2) the Pro-rich loop, which compresses the

DNA backbone 50 to the lesion (165-PPPPS-169 in

hUNG); (3) the Ura-binding motif (201-LLLN-204 in

hUNG); (4) the Gly-Ser loop that compresses the DNA

backbone 30 to the lesion (246-GS-247 in hUNG); (5)

the Leu-intercalation loop, which penetrates the

minor groove (268-HPSPLS-273 in hUNG). For com-

parison, these motifs for eUNG, hUNG and vUNG are

listed in Table I.

Structural basis for substrate specificity and

base recognition. In UNGs amino acid residues

from several motifs (described above) combine to

form the Ura-binding pocket. These include residues

Gln, Asp and Tyr of the catalytic water-activating

loop (63, 64, and 66 in eUNG, respectively), a Phe

(77 in eUNG) residue at the active site, a Ser resi-

due (88 in eUNG) of the Pro-rich loop, the Asn resi-

due (123 in eUNG) of the Ura-binding motif, and the

His residue (187 in eUNG) of the Leu-intercalation

loop. Size and shape of the pocket are determined by

a number of hydrophobic residues (Phe, Tyr, Leu,

Ala) near the active site that include the aromatic

residues, which stack against the DNA base. The

size of the Ura-binding pocket excludes the larger

purine bases and thus contributes to the specificity.

Discrimination against Thy and other 5-substituted

pyrimidines is achieved by the conserved Tyr resi-

due (66 in eUNG), which presses against C5 of the

pyrimidine nucleotide [Fig. 3(C)]. In eUNG [2EUG]

the shortest distance of Tyr66 (atom CE1) to C5 in

Ura is 3.4 Å, and the addition of a methyl group or

another bulky substituent would lead to a clash.

Importance of this conserved Tyr in defining the

substrate specificity is demonstrated by the observa-

tion that a mutant version of hUNG (Y147A), in

which the corresponding residue is altered to an

Ala, can excise Thy.6,23 Discrimination against cyto-

sine (Cyt) is based on a set of specific hydrogen

bonds formed by protein residues with O2, N3 and

O4 of Ura [Fig. 3(D)]. Asn123 (eUNG) forms hydro-

gen bonds through the amide side chain with N3

and O4 of Ura that are specific for Ura and cannot

occur with Cyt [Fig. 3(D)]. On the other hand, a

N204D mutant in hUNG can also excise Cyt.6,23

Thermodynamic studies suggest that UNGs bind

any DNA (with or without damage) with comparable

affinity. Although the affinity for damaged Ura-

containing DNA is 10–30 fold higher than for
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undamaged DNA, this increased affinity cannot

account for the specificity of UNG for Ura, since the

reaction rate for specific Ura-containing oligodeoxy-

nucleotides (ODNs) is at least five orders of magni-

tude higher than for non-specific ODNs.11 A study

using modified DNA analogs established some key

findings for substrate recognition by UDGs.24 The

preference of hUNG for ssDNA over dsDNA was

twofold. This is consistent with data from another

study of hUNG that showed a threefold higher activ-

ity of hUNG for a ssDNA substrate as compared to

dsDNA.14 Stable hairpin and dumbbell duplex DNAs

were poor substrates for UNG indicating that UNG

activity is higher when the double helix is less sta-

ble, and local separation of the DNA double helix

into two strands is a possible first step of UNG

action. There is no major contribution of the bases

to substrate recognition by UNG but UNG interac-

tion with some internucleotide phosphate groups is

necessary for DNA recognition. A substrate contain-

ing Ura in an uncharged peptide chain instead of

the sugar-phosphate backbone demonstrated insig-

nificant binding. UNG does not discriminate Ura

from other heterocyclic bases during the binding

Figure 3. A. Structure-based sequence alignment for UNG subfamily. The secondary structure assignment is based on hUNG

[1AKZ]. Residue numbering in this alignment is arbitrary (the first residue in 1AKZ is set to 1). Highlighted (*) are the six active

site residues. Identical residues are shaded in red while similar residues are shaded in yellow. The largest differences are

observed for vUNG [2OWQ]. B. Topology of UNG. The topology diagram highlights the basic fold: three layers a/b/a (two a-

helices on either side of the core of four parallel b-strands in the order 2134). C. Active site (tertiary structure) in UNG. Active

site in eUNG [2EUG] highlighting the observed interactions (dashed lines in black) of uracil (Ura) with active site residues.

Hydrogen-bonding and van der Waals distances (in Å) are shown. Active site residues and Ura are represented as stick models

(C grey, O red, N blue) and labeled. A conserved water molecule in the active site is shown as a red sphere. D. Schematic

active site interactions in UNG. Schematic of uracil (Ura) interactions (hydrogen-bonding network) in the binding pocket of UNG

(eUNG). Comparison with cytosine (Cyt) in the same orientation illustrates that the same type of hydrogen bonds with Asn123

as seen for Ura are not possible.

1672 PROTEINSCIENCE.ORG Uracil-DNA Glycosylases



step, but the nature of a substituent at the C5 posi-

tion of Ura affects the catalytic efficiency since UNG

does not remove 5-bromouracil (BrU) and Thy from

DNA and the excision rate for 5-fU is only 15% of

the rate for Ura removal.13 The conformation of the

ribose plays a role in the binding of DNA to UNG

since the 30-endo conformation of the sugar moiety

(as found in A-form RNA) prevents interaction with

UNG. The presence of an NH2 group in 20-position of

the sugar has no influence on UNG binding but

leads to inhibition of Ura excision activity.24 These

results indicate that C5 (uracil base) and C20 (deoxy-

ribose sugar) positions of deoxyuridine (dU) play a

role in formation of an active enzyme-substrate com-

plex. The biochemical results showed good agree-

ment with X-ray structural data for a complex of

mutant (L272R/D145N) hUNG with dU-containing

DNA [4SKN].24,25 Despite the active site mutation

(D145N) that reduced the activity the double mutant

still excised Ura. The DNA backbone of the Ura-

containing strand contributes 80% of buried DNA

surface area, and protein–DNA interactions are

mainly observed along the sugar-phosphate back-

bone of this strand. Local DNA unwinding takes

place during the catalytic step through insertion of

residue Leu272 (in hUNG) into the DNA minor

groove and compression of the DNA backbone flank-

ing the Ura base resulting in a flipped-out nucleo-

tide. After glycosidic cleavage the flipped-out Ura

binds within the UNG specificity pocket through

interactions with Gln144, Asn145, Tyr147, Phe158,

Asn204, and His268: stacking of Ura with Phe158;

hydrogen bonds of Ura O4, N3, and O2 atoms with

Gln144, Asn145, Phe158, Asn204, and His268; pack-

ing of Tyr147 against Ura near the C5-position.

Together with Ser270, His268 also interacts with the

30-phosphate of the abasic deoxyribose phosphate

(ORP), and Ser169 forms two hydrogen bonds with

the 50-phosphate of ORP. Mutations of Ser270 and

His268 impair both UDG activity and DNA binding,

while mutation of Ser169 only impairs activity.26

This suggests that Ser169 binding to the 50-

phosphate of dU plays a role in nucleotide flipping

and catalysis. Hydrogen bonds are formed between

O40 and O10 atoms of the deoxyribose of ORP and

side chain nitrogen atoms of residues His148 and

Asn145. Substituents at the 20-position of deoxyri-

bose and 30-endo puckering (as in RNA uracil) would

block His268 movement and impair substrate hydro-

lysis. Therefore, C5 and C20 positions of dU are

important and are involved in the formation of

active enzyme-substrate complexes.

Mutational studies of hUNG indicated a special

role for R276 in the Leu272 loop (268-HPSPLSVYR-

276). Structural studies of hUNG with DNA sug-

gested that Arg276 may stabilize the Leu272 loop

and the Leu272 side chain either before or after it is

inserted into the DNA minor groove.25,27,28 The six

R276(C,E,H,L,W,Y) mutations showed reduced affin-

ity for dsDNA but retained affinity for ssDNA.29

Figure 3. (Continued)
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These results indicated that the mutations at resi-

due 276 affected the enzyme’s interactions with Ura-

containing dsDNA, thereby transforming hUNG into

a ssDNA-specific enzyme.

Structural basis for DNA binding, nucleotide

flipping and catalytic mechanism. Structural

and spectroscopic evidences show that non-specific

binding of undamaged DNA by UNGs results in an

increase in the level of base stacking in the DNA.30

When UNG binds damaged Ura-containing DNA, a

similar increase in base stacking also takes place. In

addition, specific binding to damaged DNA leads to

a substrate-directed conformational change in UNG

from an ‘open to a closed’ conformation, consistent

with an induced-fit mechanism for damage site

recognition.28,29

A multistep reaction scheme for UNG activity

has been established from stopped-flow and site-

directed mutagenesis studies.31,32 This scheme is gen-

erally described as a “pinch, push, plug, and pull”

base-flipping mechanism. In the first step UNG binds

to DNA non-specifically; this is followed by flipping of

dU, either actively (enzyme-assisted flip) or passively

(spontaneous flip).11 The combined effect of conserved

Ser169 (Pro-rich loop), Ser247 (Gly-Ser loop), Ser270

and Ser273 (Leu-intercalation loop), Pro269 (Leu-

intercalation loop), Pro167 and Pro168 (Pro-rich loop)

leads to DNA bending by compressing the DNA phos-

phate backbone (“pinch”). The Leu residue of the

Leu-intercalation loop penetrates the minor groove

and is inserted into the DNA double helix; penetra-

tion of the Leu residue and the loop movement are

specific for productive Ura binding (“push”).25 In

addition, this action also increases the lifetime of the

flipped-out uracil nucleotide in the active site

(“plug”). This second step is followed by the N-

glycosidic bond breakage, and in the final step, the

Leu residue is retracted (“pull”).11 Upon cleavage, the

uracil moves deeper into the active site, and the aba-

sic nucleotide relaxes to a more puckered C20-endo

form leading to a less strained product-complex than

the uncleaved-substrate complex.33 UNG appears to

bind preferentially to its cleaved product, and associ-

ation of abasic DNA with UNG indicates that the

enzyme remains bound to or binds back to its apyri-

midinic site (AP-site) products.27 Because AP sites

are highly mutagenic and cytotoxic, this may indicate

a protective role of UNG in vivo until further action

of the next enzyme, AP-endonuclease, in the BER

pathway.7 Parikh et al. (2000) demonstrated that

human APE1 endonuclease significantly increases

the uracil excision efficiency of hUNG, and that

through competition for binding to AP sites APE1

may promote AP-site release by UNG.33 APE1 inter-

acts directly with DNA repair polymerase Pol b, and

this interaction assembles the polymerase onto an

AP-site in DNA. After AP-site cleavage by the endo-

nuclease, APE1-assisted excision of 50-terminal deoxy-

ribose 5-phosphate by Pol b accelerates the next step

in the BER pathway.34

Highlighted in Figure 4 are the motifs from

three loops that accomplish compression of the

phosphates: the Pro-rich loop on the 50 side; the

Gly-Ser loop and the Leu-intercalation loop on the

30 side.27 The hydroxyl side chains of three con-

served serine residues (Ser169, Ser247, and Ser270

in hUNG), one in each loop, are involved in forming

polar contacts with the phosphodiester backbone of

damaged DNA (pinching). Hydrophobic contacts are

provided by Pro167, Pro168, Pro271 and Ser273.

Mutational studies in eUNG of S88A, S189A and

S192G “pinching mutations” showed a 360-, 80-,

and 21-fold decrease in catalytic efficiency (kcat/Km)

for the single mutants and a 8200-fold damaging

effect in a double mutant (S88A/S189A).35 The for-

mation of the Ser-phosphodiester interactions there-

fore seem to be critical for catalytic efficiency of

UNGs.35 On the other hand, eUNG excises Ura

from 50-HO-dUAAp-30, which lacks the 50-

phosphodiester group. This is demonstrated by the

presence of the Ura trapped in the active site of

eUNG, which was incubated with 50-HO-dUAAp-30

prior to crystallization [1FLZ].35 A substrate

induced conformational change as noticed for large

dsDNA substrates was observed. The catalytic

power of UDG, defined by the ratio of the enzymatic

kmax value for a tetranucleotide sequence (AUAA)

and the rate constant for the non-enzymatic reac-

tion (uncatalyzed hydrolysis of deoxyuridine) at

neutral pH and 25�C, was calculated to be

�1012.35,36 It is unlikely that the serine pinching

mechanism alone can account for such an efficiency.

Table I. Motifs in UNG Enzymes in Different Species

2EUG (eUNG) 1AKZ (hUNG) 4DOF (vUNG)

Catalytic water- 62-GQDPYH-67 143-GQDPYH-148 66-GIDPYP-71
activating-loop
Pro-rich loop 84-AIPPS-88 165-PPPPS-169 84-FTKKS-88
Uracil specificity 120-LLLN-123 201-LLLN-204 117-IPWN-120
Gly-Ser loop 165-GS-166 246-GS-247 160-KT-161
Leu intercalation loop 187-HPSPLSAHR-195 268-HPSPLSVYR-276 181-HPAARDR-187
Active site residues D64, Y66, F77, N123,

H187, L191
D145, Y147, F158,
N204, H268, L272

D68, Y70, F79, N120,
H181, R185
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Features of the catalytic mechanism indicate

that the combined action of four loops (water-activat-

ing, Pro-rich, Gly-Ser and Leu-intercalation loop)

during nucleotide flipping produces a reactive confor-

mation for the sugar ring of dU that leads to bending

and subsequent cleavage of the glycosidic bond. In

summary, the cleavage of the glycosidic bond pro-

duces an intermediate that consists of an oxocarbe-

nium cation and an anionic uracil, and the

subsequent attack by an activated water molecule

generated by transfer of a proton to the general base

Asp145 (in hUNG) leads to the products (Fig. 5). The

negative charge of the uracilate anion is stabilized by

hydrogen bonding with His268 (in hUNG) that acts

as a neutral electrophile. Computational analysis by

the Karplus group using a hybrid quantum-mechani-

cal/molecular-mechanical (QM/MM) approach con-

firmed that the hydrolysis of the glycosidic bond of dU

in DNA to yield an apyrimidinic site proceeds in a

stepwise dissociative mode of action in contrast to the

initially proposed coordinated associative mecha-

nism.37 The primary contribution to lowering the acti-

vation energy comes from the substrate through

stabilization of the oxocarbenium cation by the phos-

phate groups of the DNA substrate at nucleotide posi-

tions 4–7 (21.9 kcal mol21), and not from interactions

of the enzyme. These four phosphate groups are bur-

ied upon binding to UNG (only 11% accessible surface

area compared to their accessible surface area in B-

form DNA). This event was termed “substrate

autocatalysis”.37

Mechanism of lesion search. Two groups inde-

pendently developed a new approach to study the

processive cleavage of uracil-containing ODN sub-

strates by UDGs.24,38 This ODN-based assay is used

to elucidate the mechanism of lesion search and to

explain the efficient location and excision of dam-

aged DNA bases by DNA glycosylases. Site-specific

DNA binding proteins such as UDGs must locate

their lesion targets to perform their function effi-

ciently. Scanning of long stretches of DNA by one-

dimensional (1D) sliding while maintaining continu-

ous contact is an extremely slow and highly repeti-

tive process, which may be suitable only for local

DNA sequence.39

A summary of the mechanism of lesion search

and recognition by UNG can be formulated based on

structural, thermodynamic and kinetic data. The

mechanism of lesion search by UNG enzymes is

likely a combination of DNA hopping and rapid one-

dimensional scanning (short-range sliding) to trap

extrahelical Ura bases.11,39,40 Extrahelical bases in

dsDNA can emerge spontaneously by thermally

induced opening of the corresponding base pairs of

Thy or Ura with adenine.41 Parker et al. established

Figure 4. A. Interaction of UNG with DNA. Cartoon diagram showing the binding of a dsDNA to hUNG (grey). This figure captures

the UNG–DNA interactions in post uracil-excision state. The cleaved uracil (Ura) in the uracil-binding pocket and the abasic site

(ORP) on the DNA strand are shown in stick models and labeled. Phe158 and His268 in the pocket are also shown as stick. Three

loops from the UNG structure that are involved in phosphate compression are highlighted: the Gly-Ser loop in blue, the Pro-rich

loop in magenta and the Leu intercalation loop in cyan. B. Close-up view of UNG-DNA binding. Stereo-diagram displaying the

close-up view of protein–DNA interactions shown in Figure 4(A). The loops are colored similarly as in Figure 4(A) and important res-

idues are shown as stick models and labeled. An interactive view is available in the electronic version of the article.

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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for hUNG and eUNG that UNG recognizes these

extrahelical bases but does not actively participate

in base pair opening.41 Recent studies have shown

that UNG locates dU while it is in an extrahelical

position during the sliding phase along short

stretches of DNA (one helical turn of �10 bp).39 In

the sliding phase, UNG binds in a random place in

DNA and starts scanning it by one-dimensional dif-

fusion, with a partial eversion of the base sampled

at the moment. The enzyme is held in place through

non-specific contacts with DNA outside of the

sampled base but the binding is not strong enough

to prevent diffusion-driven translocation along DNA.

After inspecting a short stretch of DNA, the enzyme

may dissociate from it. However, if an Ura base is

found, it can be pulled into the Ura-binding pocket,

which increases the residence time at this location

and allows for a more precise conformational adjust-

ment of the enzyme-substrate complex. Only dU and

other specific UDG-substrates are able to adopt a

correct conformation in the enzyme’s active site and

proceed to breakage of the N-glycosidic bond. For

efficient damage repair of long genomic DNA

sequences UNG uses hopping in addition to slid-

ing.39 Nonetheless, the sliding mechanism plays an

essential function in Ura recognition by UNG since

the probability of finding the damaged site by DNA

hopping alone is low.39 In their study to characterize

the one-dimensional search of DNA by eUNG using

the ODN-based assay with ODN substrates that con-

tained two uracil residues at defined positions

Mechetin and Zharkov estimated a characteristic

one-dimensional search distance of �100 nucleotides

and a translocation rate constant of �2 3 106 s21.42

Molecular mimicry—interaction with Ugi. Bac-

teriophage PBS2 uracil-DNA glycosylase inhibitor

protein (Ugi) inactivates the host uracil mediated

base-excision DNA repair pathway by inhibiting

UDG activity. Ugi is an acidic protein of 84 amino

acids that inactivates uracil-DNA glycosylase from

diverse organisms. Ugi specifically binds and inacti-

vates UNGs from Bacillus subtilis, Escherichia coli,

Saccharomyces cerevisae, rat liver, HSV and Homo

sapiens, while poxvirus UNGs are not inhibited.43

The secondary structure of Ugi consists of five anti-

parallel b-strands and two a-helices. Ugi inhibits

eUNG by forming a UNG:Ugi complex with 1:1 stoi-

chiometry. Crystal structures of eUNG, HSV-1 UNG

and hUNG with Ugi [1UGH, 1UUG, 2UUG, 1EUI,

1UDI] show that Ugi can successfully mimic DNA

backbone interactions by targeting the DNA binding

surface of UNG.43–47 Ugi prevents UNG from bind-

ing to DNA and can also dissociate UNG from a

UNG:DNA complex. Moreover, Ugi forms an irre-

versible complex with Ugi.45 A hallmark of UNG:Ugi

interaction is that the shape, electrostatic and

hydrophobic complementarity of Ugi for UNG is

defined by their structures and does not involve an

induced fit mechanism. The major interactions are

defined by hydrogen bonding and packing contacts

derived from the complementarity between the con-

served Leu-intercalation loop (187-HPSPLS-192) of

eUNG and eight hydrophobic residues of Ugi

(Met24, Val29, Val32, Ile33, Val43, Met56, Leu58,

and Val71), and the electrostatic interactions

between acidic residues (Glu20, Glu27, Glu30,

Glu31, Asp61 and Glu78) of Ugi with key active site

residues (Gln63, Asp64, Tyr66, His67, and His187)

of eUNG (Fig. 6). Interaction between UNG and Ugi

buries about 2200 Å2 of total accessible surface area.

The insertion of Leu191 into the hydrophobic cavity

of Ugi alone causes an exclusion of about 250 Å2 of

surface area (Fig. 6). A two-step model for the

enzyme-inhibitor association was proposed. In the

first step, a rapidly reversible loose complex is

formed that satisfies long-range electrostatics and a

buried hydrophobic surface; followed in the second

Figure 5. Schematic diagram of the UDG reaction mechanism (R, I, and P are short for reactant, intermediate, and product;

TS1 and TS2 indicate the two transition states). The side chains of Asp145 and His268 (in hUNG) stabilize the first transition

state (TS1). An intermediate (I) comprised of an oxocarbenium cation and an uracilate anion is generated following cleavage of

the N-glycosidic bond. The oxocarbenium cation is stabilized by four phosphate groups of the DNA substrate. A water molecule

activated through abstraction of a proton by the conserved aspartate attacks the oxocarbenium cation leading to an abasic

site. The leaving group is the uracilate anion, which is stabilized through hydrogen bonding of the conserved His268 that acts

as a neutral electrophile.
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step by an irreversible “locked” complex that

includes the alignment of hydrogen bonding interac-

tions along the interface and a conformational

change at Ugi Glu20.45 Mutational studies involving

seven acidic residues of Ugi (E20I, E27A, E28L,

E30L, E31L, D61G, and E78V mutants) showed that

with the exception of the E20I and E28L mutants,

which formed reversible complexes, other mutants

formed irreversible complexes with eUNG.47 These

two mutants seem to interfere with the locking

mechanism that causes the complex formation to be

irreversible. A mutational analysis of Leu191

(L191G, L191A, L191V, and L191F mutants) within

the 187-HPSPLS-192 motif of eUNG demonstrated

decreased stability of the UNG-Ugi complex with

shortening of the side chain length at position 191

(L191V, L191A, and L191G mutants).44 The larger

side chain of the L191F mutant, on the other hand,

showed approximately the same stability as wild

type UNG. Indeed, in Bacillus subtilis (B. subtilis)

UNG, the in vivo target of Ugi, Leu191 of the E. coli

enzyme is replaced by Phe. In addition, mutational

analysis showed that the L191V and L191F mutants

were as efficient as the wild type protein, while the

L191A and L191G mutants retained only 10% and

1% of the enzymatic activity of uracil excision from

ssDNA and dsDNA.44 A L272A mutation in hUNG,

on the other hand, leads to a loss of 99% of the

activity.27 Nonetheless, the L272A mutant in com-

plex with AP site dsDNA [2SSP] showed that nucle-

otide flipping occurred despite the inability of the

shorter side chain to reach into the base stack sug-

gesting that Leu272 is not absolutely critical in

pushing the target dU into the active site pocket.

Overall, Ugi targets the mechanism of uracil flipping

by UNG and appears to be a transition-state mimic

for flipping of Ura nucleotides from DNA.45 While

comparison of structures of free UNGs and UNG:Ugi

complexes reveal only minimal conformational

changes in UNG upon Ugi binding, binding of sub-

strate DNA induces a substantial “open to closed”

conformational change.43–48

Recently, a new uracil-DNA glycosylase inhibi-

tor has been reported, and the encoded acidic pro-

tein p56 (56 amino acids) from the B. subtilis phage

/29 was found to inhibit the DNA-binding ability of

the host (B. subtilis) uracil-DNA glycosylase

(BsUNG).49,50 Although the genome of the B. subtilis

phage /29 does not contain Ura bases as phage

PBS2, host UDG activity during replication could be

harmful (by creating mutagenic AP sites) if Ura

bases occurred in the intermediates through either

cytosine deamination or dUMP incorporation of the

DNA polymerase.50,51 The role of the viral p56 pro-

tein is to prevent the action of the BER pathway by

inhibiting BsUNG. Mutational studies on BsUNG

indicated a role for Phe191 (corresponding residues

in hUNG and eUNG: Leu272 and Leu191, respec-

tively) in the inhibition by p56.21 The two mutants

(F191L, F191R) showed wild-type activity but only

the F191L mutant but not the F191R mutant (corre-

sponding residue in vUNG: R185) were inhibited by

p56.21 The p56 protein was also able to inhibit

eUNG, and Ugi was capable to displace p56 previ-

ously bound to UNG.50 Results also showed that the

p56 protein of phage /29 failed to block the UDG

activity in the extracts of vaccinia-infected cells, but

it was capable of inhibiting the UDG activity pres-

ent in human cell extracts.21

Another DNA mimic protein, which acts as a

uracil-DNA glycosylase inhibitor, was found in

Staphylococcus aureus (S. aureus).52 This acidic 14

kDa protein (112 residues) named S. aureus uracil-

DNA glycosylase inhibitor (SAUGI) binds to the

DNA binding region of S. aureus UDG (SAUDG).

SAUGI is more similar to Ugi than to p56 with

respect to protein folding and charge distribution.52

In vitro SAUGI has also a low nM (KD) affinity for

Figure 6. Binding of UNG to Ugi. Close-up view of the

protein-Ugi interactions in the eUNG-Ugi complex [1UUG].

The figure emphasizes the insertion of Leu191 in the Leu-

intercalation loop (residues 187–195 shown as cartoon in

green) of eUNG into the hydrophobic cavity of Ugi (shown as

surface in cyan). Residues His187, Leu191, and Arg195 of

the Leu–intercalation loop in UNG and residues Met24, Val29,

Val32, Ile33, Val43, Met56, Leu58, and Val71 in the hydro-

phobic cavity of Ugi are represented as stick models. These

11 residues are labeled. The remaining residues in this close-

up are shown as thin lines (Ugi in cyan; UNG in green). An

interactive view is available in the electronic version of the

article.

This figure also includes an iMolecules 3D interactive version

that can be accessed via the link at the bottom of this figure’s

caption.
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hUNG but the binding affinity for SAUDG is six

times greater.52 All three inhibitors, Ugi, p56 and

SAUGI, target the protruding residue of UDG

(Leu191 in eUNG, Phe191 in BsUNG and Leu184 in

SAUDG) by forming a hydrophobic pocket.

Special features of UNG enzymes and diver-

gence of poxvirus UNGs. Vaccinia virus is the

prototypic poxvirus. Sequence identity for many Vac-

cinia virus proteins including those in the replication

machinery such as D4 (UNG), A20 and E9 with those

from orthopoxviruses (such as variola and cowpox

virus) is on the order of 98–99%. However, the iden-

tity is considerably lower when compared with mem-

bers of other poxvirus subfamilies. For example,

UNGs of Vaccinia virus (vUNG) and crocodile poxvi-

rus have only 48% identity. Sequence homology of

vUNG to hUNG, eUNG and HSV-1 UNG is low with

an amino acid identity of only 20–25%. Structural

superimposition of vUNG [2OWR] using the iSARST

server shows rmsd values of 2.35–2.87Å for an align-

ment of �180 residues to Deinococcus radiodurans

[2BOO], human [2SSP], HSV-1 [1LAU], Vibrio chol-

erae [2JHQ], E. coli [1EUI], Atlantic cod [1OKB],

Mycobacterium tuberculosis [2ZHX], Epstein-Barr

[2J8X] and Leishmania naifii [3CXM] UNGs (in this

order), while rmsd values for an alignment size of

�120 residues to family V [2D3Y] and family IV

[1UI1] UDG enzymes from Thermus thermophilus

are 3.78–4.0 Å, respectively. Structurally, main differ-

ences between vUNG and other members of the fam-

ily I UDG enzymes can be seen at the N-terminus

(additional antiparallel b-sheet) and C-terminus

(additional antiparallel b-sheet, pairing of two small

a-helices).53 Crystal structures in different space

groups [2OWQ, 2OWR, 4DOG, 4DOF, 4LZB] showed

a predominant dimeric packing arrangement, in

which the central b-sheet is extended by antiparallel

pairing of b-strand nine from neighboring subu-

nits.53,54 Interface residues include those in a-helix

nine as well as residues in the loops between b-strand

8 and b-strand 9, and between b-strand 9 and a-helix

9. Catalytic properties of D4 compared to hUNG,

eUNG and HSV-1 UNG emphasize similar binding

affinities (Km) for ssDNA and dsDNA but several

orders of magnitude lower turnover numbers (kcat)

and catalytic efficiencies (kcat/Km).55–58 In this regard,

the enzymatic activity of D4 is most similar to that of

UNG from human cytomegalovirus (CMV).59 On the

other hand, catalytic efficiency (kcat/Km) of UNG from

Epstein-Barr virus (EBV) is similar to hUNG.60

According to a structure-based sequence alignment of

UNGs poxvirus UNGs show differences in a number

of motifs that are generally highly conserved in UNGs

[Table I; Fig. 3(A)]. Although 5 of the 6 active site resi-

dues are conserved, only 9 out of 24 residues in the

five motifs that define DNA binding and catalytic

activity in the UNG family are identical. With the

exception of Ser88 in the Pro-rich loop the conserved

Ser residues in the Gly-Ser loop and Leu-

intercalation loop, are replaced by other residues.

Pro residues in the Pro-rich loop are replaced by Lys

residues. The motif of the Leu-intercalation loop

emphasizes several changes in poxvirus UNGs, espe-

cially the replacement of the conserved Leu residue

by Arg185 (in vUNG). This Leu residue is not only

critical for the catalytic mechanism of UNGs but it

plays an important role in the inhibition of various

UNG enzymes by Ugi. A remarkable feature of vUNG

is that it is not inhibited by Ugi.55 As pointed out by

Ellison et al., mutational analysis (R185L mutant) in

vUNG highlighted not just the importance of this res-

idue, but also emphasized a difference in the entire

loop structure; this mutant had lower catalytic activ-

ity and its activity was not inhibited by Ugi.61 Indeed,

D4 crystal structures [2OWQ, 2OWR, 4DOG, 4DOF,

4LZB] show that the orientation of the “Leu-

intercalation” loop is different from other UNGs.53,54

The structural differences result not only from varia-

tions in the amino acid sequence (hUNG: -

HPSPLSVYR-; D4: -HPAARDR-), but also from the

difference in the number of residues in this motif

(hUNG: nine residues; D4: seven residues). In addi-

tion, the conserved Gln residue in the catalytic water-

activating loop (-GQDPYH-) is replaced by Ile in D4.

This conserved Gln plays an important role in stabi-

lizing the UNG-Ugi complexes as its side chain atoms

OE1 and NE2 form hydrogen bonds with the peptide

backbone atoms of Leu23 in Ugi. The importance of

this Gln residue in UNG:Ugi interaction is also dem-

onstrated by the insensitivity of MUG/TUG enzymes,

which contain a GINPGL-motif, to Ugi, although they

have the conserved Leu residue in the Leu-

intercalation loop.15 Therefore, the observed resist-

ance of D4 to Ugi-mediated inhibition may be related

to the altered sequence of the “Leu-intercalation” loop

and the replacement of the conserved Gln residue in

the catalytic water-activating loop.

Eukaryotic (human, yeast) and herpes virus

(CMV, HSV-1, EBV) UNGs have been identified as

components of the replication fork, although their

main function during DNA replication seems to be

related to their catalytic uracil-excision activ-

ity.59,60,62–67 Of these, hUNG2, yeast UNG, EBV

UNG, and CMV UNG interact with the processivity

factor of DNA polymerase while HSV-1 UNG (UL2)

shows an association with the catalytic subunit of

the DNA polymerase. On the other hand D4 is an

absolutely essential component of the viral proces-

sivity factor, and this newly adopted function is

independent of its glycosylase activity.62,63,68,69 Stud-

ies by the Traktman laboratory determined a stoichi-

ometry of 1:1 for the viral processivity factor

(D4:A20) and 1:1:1 for the DNA polymerase holo-

enzyme (D4:A20:E9).62,63 Low resolution solution

structures derived from small-angle X-ray scattering
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for the viral processivity factor and the DNA poly-

merase holoenzyme complex have been reported.70

The interaction of D4 and A20 (N-terminal 50 resi-

due domain) has been recently structurally charac-

terized [4ODA; 4OD8].71

Family II uracil-DNA glycosylases

(mismatch-specific)

The bacterial family II mismatch-specific uracil-

DNA glycosylases (MUG) and the eukaryotic family

II thymine-DNA glycosylases (TDG) are structurally

related to the family I UDG enzymes (UNGs) but

they use a different mechanism of substrate recogni-

tion and their sequence homology is low.15 The cata-

lytic efficiency is similar to other DNA glycosylases

and is much lower than for UNG enzymes. More-

over, interactions of MUG with the complementary

DNA strand of the ‘lesion’ are quite different from

UNG. Nonetheless, MUG/TDGs show a common

“flipping” mechanism for the recognition of Ura and

Thy as UNG enzymes for uracil.

Compared to eUNG, E. coli MUG [1MUG] shows

substantial differences in active site residues [Fig.

7(A)]. Furthermore, the overall fold emphasizes an

extra fifth antiparallel b-strand and two additional

a-helices on one side of the central b-sheet [Fig.

7(B)]. In the MUG/TDG binding pocket the con-

served “-GQDPY–” sequence motif of UNG enzymes

is replaced by a conserved “-GINPG-” sequence

motif. The replacement of the Tyr residue, which

provides the exquisite specificity of UNGs for Ura

and sterically excludes the 5-methyl group of Thy,

by a Gly residue explains thymine glycosylase activ-

ity in the MUG/TDG family.15 Indeed, mutation of

this Tyr residue to Ala in hUNG confers the ability

to excise Thy.23 As observed in UNGs discrimination

against Cyt in the MUG/TDG binding pocket is pro-

vided by a specific pattern of hydrogen-bonding

interactions by the conserved active site Asn resi-

due. The replacement of the conserved catalytic Asp

residue in UNGs by Asn in this family (-GINPG-

motif instead of -GQDPY-) has a major impact on

the catalytic mechanism of MUG/TDG enzymes. In

UNG enzymes the role of the catalytic Asp residue

is in binding of a water molecule and its activation

by abstraction of a proton for nucleophilic attack on

the N-glycosidic bond of dU. No active general-base

catalysis as described for UNG enzymes can be pro-

vided by the amide side chain of Asn in MUG,

although a water molecule is observed here in an

equivalent position. Therefore, the N-glycosidic bond

in this family is attacked by a water molecule that

is weakly nucleophilic instead of a hydroxyl ion as

in UNG enzymes.25 In the catalytic mechanism

established for UNG enzymes a conserved His resi-

due (His268 in hUNG) of the Leu-intercalation loop

(-HPSPLSVYR-) acts as a neutral electrophile form-

ing a hydrogen bond with the Ura O2 atom of the

Figure 7. A. Active site comparison between E. coli UNG and MUG enzymes. Superimposition of E. coli UNG and MUG (rmsd

of 1.42Å for 62 aligned atoms between 2EUG and 1MUG). Active site residues and uracil (Ura) are represented as stick models

(1MUG: C cyan, O red, N blue; 2EUG: C grey, O red, N blue; URA: C magenta, O red, N blue) and labeled (1MUG in blue;

2EUG in black; Ura in magenta). The figure shows that MUG does not exclude Thy (or other 5-substituted pyrimidine bases)

from the binding pocket since the conserved Tyr residue in UNG enzymes (Tyr66 in 2EUG) is replaced by Gly (Gly20 in 1MUG).

In addition, no discrimination against Cyt is observed since the conserved Asn residue in UNG enzymes (Asn123 in 2EUG) is

replaced by Lys (Lys68 in 1MUG). Other major changes are replacement of the conserved His residue in UNG (His187 in 2EUG)

by Asn (Asn140 in 1MUG), replacement of the conserved Asp residue in UNG (Asp64 in 2EUG) by Asn (Asn18 in 1MUG) and

replacement of Gln in UNG (Gln63 in 2EUG) by Ile (Ile17 in 1MUG). B. Topology diagram of MUG. Notice the extra fifth antipar-

allel b-strand compared to UNG and the two extra a-helices.

Schormann et al. PROTEIN SCIENCE VOL 23:1667—1685 1679



bound dU in the transition state.48,72 This interac-

tion helps to stabilize the negative charge of the

generated uracilate anion after glycosidic cleavage.

The catalytic His residue of UNGs is replaced by

Asn in bacterial MUGs and a Met residue in the

mammalian TDGs.15 Catalytic efficiency and mecha-

nism for MUG/TUGs are quite different from the

UNG enzymes.25,48,58,72–75 The lack of a general acid

and a general base in MUGs results in a several

orders of magnitude slower rate of uracil excision

than for UNGs. Unlike UNGs, MUGs can only act

on dsDNA. While UNG’s interaction with the second

strand of a dsDNA substrate does not contribute to

the stability and specificity of the enzyme-DNA com-

plex, in MUG enzymes interaction with the comple-

mentary strand of the duplex provides a significant

contribution to substrate recognition.15 MUG shows

little affinity for the Ura of dsDNA substrates (U:G

mismatch) but displays nanomolar affinity for the

abasic site produced by the base excision reaction.

The enzyme makes three specific hydrogen bonds

(main-chain of residues Gly143 and Ser145) that

mimic Watson–Crick base pairing with the unpaired

guanine (Gua) of the U:G mismatch after the mis-

paired pyrimidine is flipped-out into the active site

pocket of the enzyme. While other UDGs establish

specific contacts with the substrate base, MUG uses

the complementary base for substrate discrimina-

tion.15,76 For base excision the MUG enzymes

employ a “push” mechanism that is made possible

by insertion of the intercalation wedge formed by

residues Gly143, Leu144, and Arg146 within the cat-

alytic pocket into the minor groove of the duplex

thereby occupying the space of the substrate base.15

The discovery of eukaryotic TDGs as members

of the family II uracil-DNA glycosylases attracted

attention because of their ability to remove Thy, a

normal DNA base, from T:G mispairs, although the

U:G mispair in dsDNA is the common, most effi-

ciently processed substrate.76 Nonetheless, the

implication was that BER has a possible function in

the restoration of C:G base pairs following the deam-

ination of 5-methylcytosine (5meC) that would

induce a C!T mutation [Fig. 1(D)]. A specific role is

proposed for the non-conserved N-terminus of TDG

that distinguishes eukaryotic TDGs from E. coli

MUG. Studies suggested that the N-terminus allows

non-specific DNA binding thereby allowing process-

ing of energetically less than optimal substrates

such as G:T or G:5meC.76 In contrast to E. coli

MUG, which shows only minor conformational

changes upon DNA-binding, TDG undergoes a major

conformational change upon DNA binding, which

involves the N-terminal domain.76 In the proposed

model the N-terminal domain forms a flexible clamp

holding the glycosylase onto the DNA, which allows

sliding of TDG along the DNA in search of a Gua

mismatched substrate. Compared to human TDG,

which only excises deaminated bases from U:G base

pairs, and, to a much lower extent, U:A and I:G

base pairs, Schizosaccharomyces pombe (Spo) TDG

exhibits glycosylase activity on all deaminated bases

in both dsDNA and ssDNA in the descending order

of X> I>U_O.77

Family III uracil-DNA glycosylases (single strand
selective)

A new class of UDG activity, distinct from UNG

enzymes, was identified in mammalian cells, and

enzymes in this family initially appeared to be single-

strand specific monofunctional uracil-DNA glycosy-

lases (sMUGs). In their study of Xenopus sMUG, Wib-

ley et al. discovered surprisingly that the enzyme was

actually 700-fold more active against double-stranded

than single-stranded uracil-containing DNA sub-

strates with a preference for the U:G mispair over the

U:A base pair.18 In addition, activity against 5-HmU

is observed.17,18 In contrast to the MUG/TDG family

the family III sMUG enzymes essentially show no

activity toward Thy in T:G mispairs.17,18 The explana-

tion for the substrate specificity of sMUGs is based on

the observed hydrogen-bonding network of active site

residues Gly95, Gly98, Met102, and Asn174 with

either 5-HmU or Ura and the conserved water mole-

cule (Fig. 8). As seen in the active site of MUG, sMUG

has an Asn residue but not the conserved Asp residue

of UNG enzymes. On the other hand, in the Leu-

intercalation loop a His residue (as seen in UNGs)

instead of an Asn (as in MUG) is observed. These fam-

ily III sMUG enzymes are also found in insects and

amphibians but not in bacteria or viruses. As demon-

strated for human sMUG protein, which has an Arg

residue instead of the conserved Leu residue in the

Leu-intercalation loop, sMUG enzymes are not inhib-

ited by Ugi.18 The structure of Xenopus sMUG in com-

plex with DNA shows a greater disruption and

distortion of the DNA duplex than the distortion seen

in UNG and MUG complexes with DNA.18 In addi-

tion, more extensive protein-DNA interactions are

observed here compared to UNG-DNA and MUG-

DNA complexes. The 251–260 segment [Motif B in

Fig. 2(A)], which is equivalent to the Leu-

intercalation loop in UNGs, acts as a wedge penetrat-

ing the DNA duplex.18 This segment in sMUG is

unique since it contains a sMUG specific short a-helix

(residues 256–260) that follows a short loop (residues

251–255). The role of the short helix is to support the

loop that includes the catalytic Arg254 in its interac-

tion with DNA.

Family IV and family V uracil-DNA glycosylases
(structural Fe-S cluster)

A family IV uracil-DNA glycosylase from Sulfolobus

solfataricus and its interaction with one of the subu-

nits, PCNA3, of the heterotrimeric PCNA sliding

clamp was characterized.78 The enzyme contains a
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structural [4Fe-4S] cluster and shows preference for

dsDNA substrates containing U:G mispairs over U:A

base pairs or Ura-containing ssDNA substrates. But

so far no crystal structure of UDG from an archaeon

is available. Recently, a family IV UDG enzyme from

the hyperthermophilic archaeon Sulfolobus tokodaii

strain 7 has been crystallized in apo form and in

complex with uracil but coordinates for the crystal

structure are not available.79 A crystal structure of

a family IV UDG may explain the uracil-excision

repair mechanism in hyperthermophilic archaea. On

the other hand, a structure for a family IV uracil-

DNA glycosylase from the Gram negative eubacte-

rium Thermus thermophilus HB8 in apo form and in

complex with uracil has been determined.19 This

enzyme (TthUDG) excises Ura from ssDNA as well

as from dsDNA regardless of the opposing base but

it is inactive against T:G mismatched DNA. The

active site shows a similar arrangement of residues

interacting with Ura as seen in UNG that explains

the observed specificity [Fig. 9(A)]. The enzyme pos-

sesses a [4Fe-4S] cluster, which does not seem to be

essential for activity since it is distant from the

active site, but may be important for stabilization

because of its interaction with some loop structures.

A report of the structure of a family V uracil-

DNA glycosylase from Thermus thermophilus HB8

Figure 9. Schematic interactions in active site of family IV

and family V UDG enzymes. A. Active site of family IV UDG.

The figure shows interactions in the active site of family IV

UDG. Stacking of Ura is provided by a conserved Phe resi-

due (as in UNG), and a similar hydrogen-bonding network

with Ura as in UNG is observed (Asn residue as in UNG).

Residue Glu47 is analogous to Tyr in UNG and discriminates

against five-substituted uracil analogs. B. Active site of family

V UDG. The figure highlights the hydrogen-bonding pattern in

the active site of family V UDG [2D3Y] for substrates Ura and

5-HmU. On the left side: a conserved water molecule takes

part in hydrogen-bonding with active site residues Gly61,

Ser65, and Asp75. No hydrogen bonds are observed with

Ura. On the right side: the 5-hydroxymethyl group of 5-HmU

displaces the water molecule and establishes the same type

of hydrogen bonds with the difference that now the substrate

is hydrogen-bonded to active site residues. This explains the

low affinity of family V UDG for Ura. This scheme shows simi-

larity with the situation in sMUG.

Figure 8. Schematic active site interactions of sMUG with

different substrates. Schematic diagram highlighting sMUG

specificity for 5-hydroxymethyluracil (5-HmU) and uracil (Ura).

A. Characteristic hydrogen-bonding network in sMUG for Ura

that includes a conserved active site water molecule. Resi-

dues Gly98 and Met102 are hydrogen bonded to the water

molecule while hydrogen bonds with Ura at O2, N3, and O4

are provided by Gly95 and Asn174. The water molecule is in

hydrogen bonding contact with O4. Gly98 corresponds to

Gly20 in 1MUG and Tyr66 in 2EUG while for Asn174 the cor-

responding residues in 1MUG and 2EUG are Lys68 and

Asn123, respectively. B. The hydroxyl group in 5-HmU displa-

ces the water molecule but a similar hydrogen bonding net-

work as for Ura is preserved. C. The Thy methyl group is too

large to allow hydrogen bonding that includes an active site

water molecule, and the side chain cannot provide hydrogen

bonding interactions as seen for the 5-hydroxymethyl group

in 5-HmU.
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in complex with DNA highlighted the first DNA

complex structure of a thermostable UDG belonging

to families IV and V.10 The iron-sulfur [4Fe-4S] clus-

ter in these two families seems to have only a struc-

tural role since it makes no direct contact with DNA

and is distant to the DNA-binding surface. Although

the family V enzyme (TthUDGb) shows a conserved

water molecule in the active site and lacks a polar

residue in the active site motif (catalytic water-

activating loop), it can still excise Ura but at a lower

rate than family I–IV UDGs [Fig. 9(B)]. The enzyme

(TthUDGb) removes Ura from dsDNA regardless of

the opposing base but not from ssDNA.10 In addition

to Thy excision from T:G mismatched DNA, the

enzyme removes analogs of Ura (such as 5-HmU or

fU) from DNA.

Family VI uracil-DNA glycosylases

(helix-hairpin-helix sequence motif)
The uracil-DNA glycosylase enzyme from Methano-

coccus jannaschii belongs to a novel UDG family

termed family VI UDG. MjUDG (MJ1434) showing a

helix-hairpin-helix motif and a [4Fe-4S]-binding

cluster removes uracil both from ssDNA and dsDNA

like other thermophilic UDGs, and in addition the

enzyme also catalyzes the excision of 8-oxoguanine

from dsDNA.12 Activity for uracil excision follows

the order: U:T>U:C>U:G>U:A.12 Homologous

members of MjUDG (Q58829) have been identified

in Aquifex aeolicus (AAC06526), Thermoplasma vol-

canium (BAB60438) and Sulfolobus solfataricus

(AAK42620). Although MJ1434 possesses the HhH

motif and a [4Fe-4S] cluster as members of the

EndoIII family and shares 21% sequence identity

with E. coli EndoIII, it is instead a monofunctional

glycosylase lacking the lysine residue within the

HhH motif critical for the catalytic reaction of AP

lyases (Fig. 10).12

A thermostable DNA glycosylase from the

hyperthermophilic archaeon Pyrobaculum aerophi-

lum that belongs to the MIG subfamily (termed Pa-

MIG; AAF37270) of Family VI UDG enzymes has

been described.20 As the MjUDG subfamily the MIG

subfamily features a helix-hairpin-helix motif and it

contains an iron-sulfur cluster. The enzyme is spe-

cific for U:G and T:G mismatches, and it is also

capable of processing 8-oxoguanine (GO) mismatches

with adenine (A:GO) and Thy (T:GO).20
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