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1. Introduction

The occurrence of uracil in DNA is promutagenic and arises from
spontaneous deamination of cytosine, resulting in G-U base pairing
(Lindahl & Nyberg, 1974). A deficiency in uracil excision from a G-U
base pair prior to replication can lead to GC-AT mutations. Uracil
may also arise in DNA by misincorporation of dUMP (in place of
dTMP) by DNA polymerase(s), resulting in A-U base paring (Tye &
Lehman, 1977). In an A-U base pair uracil is not directly mutagenic,
but it can cause cytotoxicity and hamper recognition of regulatory
sequences by proteins (Mosbaugh & Bennett, 1994). This event is
kept to a minimum by dUTPase present in the cell, which maintains a
low level of dUTP. In order to maintain genomic integrity, the cells
possess uracil-DNA glycosylases (UDGs), which are the first enzymes
of the base-excision repair (BER) pathway for the excision of uracil
(Lindahl, 1974). UDGs excise uracil by cleaving the N-glycosidic
bond. The resulting AP site is cleaved by AP endonucleases; the
damaged sugar residue is then removed by the presence of exo-
nuclease activities and the single-nucleotide gap thus generated is
filled in by DNA synthesis (Kubota et al., 1996; Nicholl et al., 1997,
Parikh et al., 1997). Five different families of UDGs have been
reported to date. Of these, family 1 UDGs are referred to as UNG
when the protein is eukaryotic and as Ung when it is prokaryotic, or
collectively as UNGs. UNGs are a highly efficient, ubiquitous and
conserved class of UDGs. Escherichia coli Ung (EcUng) is the
prototype of the family 1 UDGs and is encoded by the ung gene
(Lindahl et al., 1977; Varshney et al., 1988). UNGs are inhibited by a
proteinaceous inhibitor known as uracil-DNA glycosylase inhibitor
(Ugi) which is coded by Bacillus subtilis phages PBS-1 and PBS-2
(Cone et al., 1980; Warner et al., 1980; Wang & Mosbaugh, 1988). Ugi
protects the phage genome, which contains uracil, from host UNG
attack. UNGs are also inhibited by uracil and some of its derivatives
© 2010 International Union of Crystallography (Krokan & Wittwer, 1981; Blaisdell & Warner, 1983; Focher et al.,
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In 1995, X-ray crystal structures of the UNG-Ugi complex and of
uncomplexed UNG from human (HsUNG; Mol, Arvai, Sanderson et
al., 1995; Mol, Arvai, Slupphaug et al., 1995) and herpes simplex virus
(HSVUNG; Savva & Pearl, 1995; Savva et al., 1995) were reported.
The structure of EcUng in complex with Ugi was first reported from
this laboratory (Ravishankar et al., 1998). Subsequently, several other
crystal structures of EcUng and its complexes have been reported
(Xiao et al., 1999; Putnam et al., 1999; Saikrishnan et al., 2002). More
recently, the structures of uncomplexed Ungs from Gadus morhua
(GmUNG; Leiros et al., 2003), Deinococcus radiodurans (DrUng;
Leiros et al., 2005) and Vibrio cholerae (VcUng; Raeder et al., 2010)
and the structure of a complex of Ugi with UNG from Epstein-Barr
virus (EBVUNG:; Geoui et al., 2007) have also become available. The
structures of complexes of HSUNG and EcUng with DNA have been
reported (Slupphaug et al., 1996; Parikh et al., 1998, 2000; Werner et
al., 2000; Bianchet et al., 2003). The structures of complexes of UNG
with uracil and its derivatives have also been reported (Savva et al.,
1995; Slupphaug et al., 1996; Xiao et al., 1999; Parikh et al., 1998;
Werner et al., 2000; Bianchet et al., 2003; Krosky et al., 2006; Chung et
al., 2009).

The genome of Mycobacterium tuberculosis, the causative agent of
tuberculosis in humans, is highly G+C-rich. M. tuberculosis also
infects the host macrophage, which generates both reactive nitrogen
intermediates (RNI) and reactive oxygen species (ROS), which are
known to deaminate cytosines in DNA. Thus, the genome of
M. tuberculosis could be more susceptible to the generation of G-U
pairs (Wink et al., 1991) and make Ung a crucial enzyme for survival
of the mycobacterium. In fact, studies with M. smegmatis and
M. tuberculosis have also suggested that Ung is a crucial enzyme for
survival of mycobacteria in mouse or macrophage models (Venkatesh
et al., 2003; Sassetti & Rubin, 2003). Therefore, as part of our struc-
tural genomics program on mycobacterial proteins (Datta et al., 2000;
Saikrishnan et al., 2003, 2005; Roy et al., 2004; Krishna et al., 2006;
Selvaraj et al., 2007; Das et al., 2006; Kaushal et al., 2008; Chetnani et
al., 2009), we undertook structural studies of M. tuberculosis Ung
(MtUng). The recent structural analysis of the MtUng-Ugi complex
reported from this laboratory (Kaushal et al., 2008) led to a rationale
for the decreased stability of the MtUng—Ugi complex in comparison
to the EcUng-Ugi complex. It also provided insights into the mole-
cular mechanism of action of the enzyme and the relatively invariant
and variable features of the molecule. Here, we report the crystal
structure of MtUng at 1.95 A resolution with one citrate ion bound to
the uracil-recognition pocket in the active site and another bound on
the surface of the protein molecule. A comparison of the present
structure with the Ugi and DNA complexes provides insights into the
structural variations resulting from complexation. The structure also
yields further information on possible enzyme-inhibitor interactions.
An analysis of available UNG sequences in terms of structure helps in
identifying the central conserved region of the molecule and its
importance.

2. Materials and methods
2.1. Expression and purification of M. tuberculosis Ung

The MtUng-Ugi construct that was previously used to produce the
MtUng-Ugi complex (Singh et al., 2006) was subjected to ugi removal
by digesting it with EcoRI (MBI Fermentas) to release the appro-
priate 500 bp fragment. The vector was religated using T4-DNA
ligase to obtain MtUng. The above construct was transformed into
E. coli BL21 (DE3) cells and MtUng was purified in essentially the
same way as the MtUng-Ugi complex (Singh et al., 2006). Fractions

containing a near-homogenous preparation of MtUng were pooled,
dialyzed against 10 mM Tris—-HCI pH 7.5 and estimated by Bradford’s
method using bovine serum albumin as standard (Sedmak & Gross-
berg, 1977). The final preparation was concentrated to 7 mg ml~" and
used for crystallization.

2.2. Crystallization and data collection

MtUng was screened for crystallization using the Crystal Screen,
Crystal Screen 2 and Index kits from Hampton Research. 3 pl
7 mg ml~! protein solution in 10 mM Tris-HCI pH 7.4, 200 mM NaCl
and 3 pl precipitant solution were used in the microbatch method of
crystallization at 298 K. After 7 d, broom-shaped crystals appeared
when 1.8 M triammonium citrate pH 7.0 was used as the precipitant
(Index kit condition No. 21). This condition was further optimized by
the addition of organic solvents. Diffraction-quality single crystals
were obtained when 10% 2-propanol was added to the precipitant.
These crystals diffracted to a resolution of 1.95 A. No additional
cryoprotectant was used prior to data collection. Diffraction data
were collected at low temperature (100 K) using a MAR Research
image-plate system (diameter 345 mm) with Osmic mirrors and
a Bruker AXS MICROSTAR ULTRA II rotating-anode X-ray
generator. Intensity data were processed and scaled using MOSFLM
and SCALA from the CCP4 program package (Collaborative
Computational Project, Number 4, 1994). Intensities were converted
to structure-factor amplitudes using TRUNCATE in CCPA4.

2.3. Structure determination and refinement

The crystal structure of MtUng was determined by molecular
replacement using the coordinates of the Ung molecule in its complex
with the inhibitor Ugi (PDB code 2zhx; Kaushal et al., 2008) as the
search model. Phaser (Storoni et al., 2004) gave the best solution for
one molecule in the asymmetric unit, with a log-likelihood gain of
1009.1 and a Z score of 25.1. The Matthews coefficient (2.5 A’Da™!;
Matthews, 1968) also confirmed the presence of one molecule in the
asymmetric unit, with a solvent content of 51.2%. The model was
initially refined using CNS v.1.2 (Briinger et al., 1998). Model building
using Coot (Emsley & Cowtan, 2004) was alternated with iteration of
rigid-body refinement, positional refinement and simulated annealing
followed by individual temperature-factor refinement. Water O
atoms were identified on the basis of peaks in both 2F, — F, and
2F, — F. maps. During the initial stage of refinement, two patches of
unexplained electron density appeared (Supplementary Fig. S1).
Careful examination of the density indicated that it might correspond
to two citrate ions that had been picked up from the mother liquor.
The two citrate ions were included in the refinement along with the
protein molecule. A simulated-annealing OMIT map was calculated
by omitting the citrate ions. Electron density in the OMIT map
confirmed the presence of these ions (Fig. 1). The final cycles of
refinement were carried out using REFMAC (Murshudov et al., 1997)
in CCP4 employing the TLS option (Winn et al., 2003), using six
groups indicated by the application of TLSMD (Painter & Merritt,
2006). The structure refined to acceptable values of R and Ry With
good geometry. In the final refined model of MtUng, two N-terminal
residues which could not be located previously in the MtUng-Ugi
complex and six of the 11 residues of the histidine tag were defined.
The final model of MtUng consisted of 233 amino-acid residues in a
single polypeptide chain comprising residues —5 to 227 of the amino-
acid sequence, two citrate ions and 208 water molecules. The side

! Supplementary material has been deposited in the IUCr electronic archive
(Reference: BE5148).
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Table 1
X-ray crystal data, refinement and model statistics.

Values in parentheses are for the highest resolution shell.

Space group P2,2,2,
Unit-cell parameters (A)

a 44.48

b 63.67

c 86.40
Unit-cell volume (A% 24668.7
Vy (A’ Da ™) 2.52
Solvent content (%) 51.2
No. of molecules in asymmetric unit 1

Resolution range (A)
No. of observed reflections
No. of unique reflections

26.24-1.95 (2.06-1.95)
88441 (11929)
18238 (2583)

Completeness (%) 98.2 (97.7)
Multiplicity 4.8 (4.6)
Average l/o(I) 13.7 (3.2)
Ruerset (%) 10.0 (49.3)
Refinement and model statistics
R factor (%) 18.1
Rieet (%) 199
R.m.s. deviation from ideal
Bond lengths (A) 0.007
Bond angles (°) 1.1
B values (A?)
From Wilson plot 30.0
From refinement 18.9
Residues in Ramachandran plot§ (%)
Core regions 93.7
Allowed regions 5.8
Generously allowed regions 0.5
Disallowed regions 0.0

T Rumerge = Yopt i M (RkL) — (I(hKD)| />0 3= 1:(hkl), where I(hkl) is the ith observa-
tion of reflection hkl and (I(hkl)) is the weighted average intensity for all observations i
of reflection hkl. % Ry, Was calculated from a randomly selected 5% (885) of unique

reflections that were omitted from structure refinement.

§ Calculated for nonglycine

and nonproline residues using PROCHECK (Laskowski et al., 1993).

chains and residues in loop regions are better defined in this structure
than in that of the MtUng-Ugi complex (Supplementary Fig. S2)
presumably on account of the better resolution of the data in the
present study. Crystal data and data-collection, refinement and model
statistics are given in Table 1.

2.4. Analysis of the structure

The refined model was evaluated using PROCHECK (Laskowski
et al., 1993). Structures were superposed using ALIGN (Cohen,
1997). HBPLUS was used to identify hydrogen bonds (McDonald &
Thornton, 1994). Figures were generated using PyMOL (DeLano,
2002).

2.5. Analysis of sequences

Sequence analysis was carried out using the online server ConSurf
v.3.0 (Glaser et al., 2003; Landau et al., 2005; http://consurf.tau.ac.il/
index.html). Homologous sequences of UNG were retrieved from the
SWISS-PROT database (Bairoch & Apweiler, 1999) using PSI-
BLAST (Altschul et al, 1997) and were aligned using MUSCLE
(Edgar, 2004). The phylogenic tree was constructed using the
neighbour-joining algorithm (Saitou & Nei, 1987). Position-specific
conservation scores for residues in the sequences were calculated
using the empirical Bayesian method (Mayrose et al., 2004) and then
mapped onto the three-dimensional structure of MtUng.

3. Results and discussion
3.1. Overall features

The amino-acid sequences of UNGs of known X-ray structure are
highly homologous, with sequence identity between pairs of mole-
cules varying between 41 and 47% despite being obtained from very
different species. The homology is also reflected in the three-
dimensional structure. R.m.s. deviations in C* positions between pairs
of these structures are in the range 1-1.3 A. Each molecule, including
that for which the structure is reported here, is made up of a central
B-sheet containing four strands (81, 62-66; 82, 123-127; 3, 163-169;
B4, 184-189; MtUng numbering) flanked by eight helices (—2 to 3,
12-17, 22-37, 92-105, 116-120, 145-158, 170-197 and 206-216)
(Fig. 1). These secondary-structural elements are connected by loops,
which account for about 50% of the amino-acid residues in the
molecule. Most of the loops are concentrated in a region that is
involved in substrate binding. As demonstrated earlier, the sequences
and conformation of the central region of the molecule ranging from
residue 58 to residue 195 are substantially conserved among UNGs of
known three-dimensional structure (Kaushal et al., 2008). All of the
catalytic loops, namely loop I (66-72), loop II (89-93), loop III (124—
128), loop IV (169-170) and loop V (191-199), belong to this region.
The N- and C-terminal stretches exhibit large variations in sequence
and structure. In the present structure, a citrate ion is located in the
uracil-recognition pocket and another is located on the surface of the
molecule between the N-terminal histidine tag and the 41-46 stretch
in a loop (Fig. 1).

3.2. Comparison with Ugi and DNA complexes

The complexation of the proteins from different sources with the
proteinaceous inhibitor Ugi has been extensively investigated (Cone
et al., 1980; Warner et al., 1980; Wang & Mosbaugh, 1988; Mol, Arvai,

Figure 1

Stereoview of the Ung molecule. The bound citrate ions are shown in ball-and-stick representation. Electron density corresponding to the two bound citrate ions in an F,, —

F. OMIT map is also shown. The contours are at the 3.50 level.
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Figure 2
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Stereoview of the superposition of the C* traces of the structure of MtUng (green), MtUng in the MtUng-Ugi complex (red) and MtUng in the model of the MtUng-DNA

complex (blue).

Sanderson et al., 1995; Mol, Arvai, Slupphaug et al, 1995; Ravi-
shankar et al., 1998; Putnam et al., 1999; Saikrishnan et al., 2002;
Acharya et al., 2002, 2003; Geoui et al., 2007; Kaushal et al., 2008). The
interactions of UNG with DNA have also been structurally explored,
although much less extensively (Slupphaug et al., 1996; Parikh et al.,
1998, 2000; Werner et al., 2000; Bianchet et al., 2003). Although Ung
was originally believed to be a single-domain protein, we subse-
quently showed that it contains two domains (domain I, 12-81 and
124-156; domain II, 83-114 and 163-224) connected by two linker
regions (115-123 and 159-162). We also showed that these two
domains close by about 10° on the DNA molecule in the known
structures of complexes involving EcUng and HsUNG (Saikrishnan
et al., 2002). This information was made use of in constructing a
model of MtUng with DNA (Kaushal et al., 2008). In the refined
model of the MtUng-DNA complex the domain closure was 6°.
Interestingly, the domains open up by 4.5° in the crystal structure of
the MtUng-Ugi complex (Kaushal ez al., 2008).

Conserved

Variable
Figure 3
The evolutionary conservation score of amino acids in 293 sequences homologous
to MtUng mapped onto the structure of MtUng. The bound DNA molecule in the
model constructed previously (Kaushal et al., 2008) is also shown.

In addition to the gross effects involving domain movement, it is
also interesting to explore the effect of Ugi and DNA binding on
specific regions of the protein, particularly the catalytic loops, in
MtUng (Fig. 2). The water-activated loop (loop I) is largely un-
affected by Ugi binding. The same is true for the uracil-recognition
loop (loop III) and the Gly-Ser loop (loop IV) in the case of Ugi
binding. The movement of the former and that of loop II (the proline-
rich loop) in the case of DNA binding can be explained almost
exclusively in terms of domain closure. In loop IV (the Gly-Ser loop),
Ser in HSUNG and EcUng is replaced by an arginine in MtUng. This
arginine interacts with DNA, which explains the movement of loop
IV on DNA binding. Loop II (the proline-rich loop) in MtUng is
different in length and composition compared with those of Ung
proteins from other sources. It is one residue longer in MtUng and
protrudes towards Ugi in the complex between the two proteins, thus
engendering additional interactions between the two. Therefore, not
surprisingly, complexation with Ugi results in movement of this loop.
The interactions of this loop with DNA are much less intimate. The
leucine loop (loop V) moves on complexation in both cases. This is
hardly surprising as Leul95 makes strong hydrophobic interactions in
both cases. These interactions are stronger in the Ugi complex, in
which the leucyl side chain is embedded in the hydrophobic pocket of
Ugi. The movements in the loop are therefore larger in the complex
with Ugi.

A secondary-structural element which moves as a whole on DNA
binding is the 170-176 helix. Interestingly, movement of this helix was
noticed when the crystal structures of EcUng and HSUNG were
compared with those of their complexes with DNA (Saikrishnan et
al., 2002), although the nature of the movement is not exactly the
same in the three cases. It is satisfying, and indeed reassuring, that
movements of the type experimentally observed in EcUng and
HsUng also appeared in a model.

3.3. Conservation of catalytic and other central residues

The sequences of 293 UNGs from different sources, with a
sequence identity of 30-93%, were aligned employing the procedure
outlined in §2. Of these, 276 are bacterial and 13 are viral. Two are
from yeast and two are mammalian. Thus, bacterial Ungs dominate
the set. Alignment of sequences from a representative set of sources
is shown in Supplementary Figure S3. There are a total of 17 residues
that are fully conserved in all 293 sequences. Most of them belong to
the catalytic loops or are in their immediate neighbourhood. Of the
remaining few, two are glycines which could be conformationally
important. Another, Phe81, stacks on uracil in the substrate-binding
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pocket. Another invariant residue, Trp118, is involved in several
hydrophobic interactions, especially in the C-terminal region.

The pattern outlined above is also discernable when the position-
specific conservation scores calculated using the empirical Bayesian
method (Mayrose et al., 2004) are mapped onto the three-dimensional
structure of MtUng (Fig. 3). The score indicates 22 residues as the
most conserved. The 17 fully conserved residues form a subset of
these 22 residues. As can be clearly seen from Fig. 3, much of the
conserved region is involved in interaction with DNA.

3.4. Interactions at the binding pocket

The catalytic mechanism of the family 1 UDGs has been thor-
oughly explained using a variety of approaches (Lindahl ez al., 1977
Varshney et al., 1988; Parikh et al., 1998; Slupphaug et al., 1996). It
involves the flipping-out of the uracil base, which is then locked in a

Asn204

GInl44

(b)

Interactions of (a) MtUng with citrate and (b) HSUNG with uracil.

Figure 4

pocket in UNG before excision. The Ung-uracil interactions have
been characterized by X-ray studies of complexes of uracil (Savva et
al., 1995; Slupphaug et al., 1996; Xiao et al., 1999; Bianchet et al.,
2003), uridine (Krusong et al., 2006), ligands containing uracil
(Krosky et al., 2006; Chung et al., 2009) and DNA itself (Slupphaug et
al., 1996; Parikh et al., 1998, 2000; Werner et al., 2000). The residues
constituting this pocket are highly conserved across species. In the
present structure the uracil-binding pocket is occupied by a citrate
ion from the precipitant solution.

The interactions of the citrate ion at the binding pocket are illu-
strated in Fig. 4(a). Those of the uracil molecule in its complex with
HsUng are shown in Fig. 4(b) for comparison. The interactions of the
ligand with the enzyme are essentially the same in all the relevant
crystal structures. In addition to the hydrogen bonds that are speci-
fically indicated in Fig. 4(b), uracil also makes a stacking interaction
with the side chain of Phel58 (HsSUNG numbering). One of the
planar carboxylate groups in the citrate ion is nearly coplanar with
the six-membered ring of uracil and hence stacking is also seen in the
citrate complex. The binding pocket of previously reported structures
contain an invariant water molecule hydrogen bonded to Pro146 O
and the side chains of Aspl45 and His148 (HsUNG numbering;
Parikh et al., 1998). This water molecule is believed to be involved in
catalysis. A water molecule occurs at the same location in the present
structure, although the interaction involving histidine is abolished as
this amino acid is substituted by a proline in MtUng.

4. Conclusions

The structure of MtUng, although very similar to that of the enzyme
from other sources, exhibits differences in the terminal regions and in
some catalytic loops. The differences in the loops are reflected in their
movements during complexation with Ugi or DNA. Interestingly, the
domains close slightly on DNA binding, while they open slightly on
Ugi binding. A detailed analysis of 293 homologous sequences brings
out the highly conserved nature of the DNA-binding site. The uracil-
binding pocket of DNA in the present structure is occupied by a
citrate ion. The citrate ion makes all the interactions that uracil does
with the enzyme. The former is also involved in other interactions
with the binding pocket. Information on those interactions could be
useful in inhibitor design.

Data were collected at the X-ray Facility for Structural Biology at
the Molecular Biophysics Unit supported by the Department of
Science and Technology, Government of India. Computations were
performed partially at the Bioinformatics Centre and the Graphics
Facility, both of which are supported by the Department of
Biotechnology (DBT). The work forms part of a DBT-sponsored
research programme. During the period of the work, MV was
supported successively by a DBT Distinguished Research Profes-
sorship and a DAE Homi Bhabha Professorship.
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