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Laboratory, USA Mycobacterium tuberculosis (MtUng) and its complexes with uracil and its
derivatives, distributed among five distinct crystal forms, have been determined.
Keywords: DNA repair; excision repair; ligand Thermodynamic parameters of binding in the complexes have been measured

binding; molecular plasticity; conformational using isothermal titration calorimetry. The two-domain protein exhibits open

and closed conformations, suggesting that the closure of the domain on DNA
binding involves conformational selection. Segmental mobility in the enzyme
4wrw; form V, 4wrx; complex with uracil, form molecule is confined to a 32-residue stretch which plays a major role in DNA
I, 4wpl; form II, 4wru; form Ill, 4wrv; complex binding. Uracil and its derivatives can bind to the protein in two possible
with 5-fluorouracil, form 1, 4wry; 4wrz; form I, orientations. Only one of them is possible when there is a bulky substituent at
4ws0; 4wst; complex with 6-aminouracil, form  the 5/ position. The crystal structures of the complexes provide a reasonable
rationale for the observed thermodynamic parameters. In addition to providing
complex with 5-aminouracil, form I, 4ws6; fresh insights into the structure, plasticity and interactions of the protein
complex with 5-chlorouracil, form 11, 4ws7; molecule, the results of the present investigation provide a platform for
complex with 2-thiouracil, form V, 4ws8 structure-based inhibitor design‘

selection.
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Supporting information: this article has

supporting information at journals.iucr.org/d

1. Introduction

Uracil-DNA glycosylase is the first enzyme in the base-
excision repair pathway that removes uracil from both single-
stranded and double-stranded DNA by cleaving the bond
between uracil and deoxyribose (Lindahl, 1993). Uracil can
arise in DNA either by spontaneous deamination of cytosine,
resulting in the appearance of promutagenic G:U mismatches,
or by an erroneous incorporation of dUMP opposite adeno-
sine by DNA polymerase(s), giving rise to A:U base pairs
during replication (Lindahl, 1982; Friedberg et al., 1995). If not
repaired, the promutagenic G:U mismatch may lead to G:C to
AT transition mutations, while the A:U base pair may inter-
rupt protein-DNA transactions. Uracil from both these
lesions can specifically be recognized and removed by uracil-
DNA glycosylases (Parikh et al, 2000). Of the five known
families of uracil-DNA glycosylases, family I, also known as
UNG/Ung, has been the most extensively studied. Ung from
Escherichia coli (EcUng), encoded by the ung gene, was the
first representative of this family to be identified (Lindahl et
al., 1977; Varshney et al., 1988). Gene-knockout and mutation
studies of ung from various sources have shown a manyfold
increase in the G:C to A:T mutation frequency, leading to
decay of the genetic information in the DNA (Duncan &
Weiss, 1982; Impellizzeri et al., 1991).

UNG/Ung proteins are inhibited by a well known protein-
aceous inhibitor, uracil-DNA glycosylase inhibitor (Ugi),
© 2015 International Union of Crystallography which is encoded by the phages PBS-I and PBS-II as part of
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Table 1

Basic data on different crystals.

A and B refer to the two orientations of the ligand. Condition refers to the
crystallization conditions outlined in the footnote. Please see text for details.

Ligand Method Conditionf

Form I

1 Native 1

2 Uracil A Co-crystallization 2

3 5-Fluorouracil B Soaking 1

4 5-Fluorouracil AB Soaking 1

5 5-Nitrouracil B Soaking 1

6 5-Aminouracil B Soaking 1

7 6-Aminouracil A Soaking 1
Form II

8 Uracil A Co-crystallization 2

9 5-Fluorouracil A Co-crystallization 3

10 5-Fluorouracil AB Co-crystallization 3

11 5-Chlorouracil B Co-crystallization 4
Form III

12 5-Nitrouracil B Co-crystallization 5

13 Uracil B Co-crystallization 5
Form IV

14 Native 1

15 6-Aminouracil A Soaking 1
Form V

16 Native 6

17 2-Thiouracil AB Soaking 6

+ Condition 1, 1.6 M sodium citrate tribasic dihydrate pH 6.5. Condition 2, 0.2 M
ammonium acetate, 0.1 M sodium acetate trihydrate pH 4.6, 30%(w/v) PEG 4000,
4% (v/v) 1,1,1,3,3,3-hexafluoro-2-propanol. Condition 3, 0.2 M sodium acetate trihydrate,
0.1 M Tris-HCI pH 8.5, 30% (w/v) PEG 4000, 4% (v/v) 1,3-butanediol. Condition 4, 0.15 M
potassium bromide, 30% (w/v) polyethylene glycol monomethyl ether 2000. Condition 5,
0.2 M sodium acetate trihydrate, 0.1 M sodium cacodylate trihydrate pH 6.5, 30% (w/v)
PEG 8000, 5%(v/v) Jeffamine M-600 pH 7.0. Condition 6, 0.2 M ammonium acetate,
0.1 M sodium citrate tribasic dihydrate pH 5.6, 30% (w/v) PEG 4000.

their defence mechanism against host Ung (Cone et al., 1980;
Warner et al., 1980; Wang & Mosbaugh, 1988). Ugi has been
well characterized biochemically and structurally and it has
been extensively used in structural studies of UNG/Ung as it
mimics the DNA bound to the enzyme. Apart from Ugi, UNG/
Ungs are also inhibited to various extents by uracil, one of the
products of the enzymatic reaction, and some of its analogues
and derivatives (Krokan & Wittwer, 1981; Blaisdell & Warner,
1983; Focher et al., 1993; Jiang et al., 2005; Krosky et al., 2006;
Chung et al, 2009). Although inhibition by these small
molecules has been well studied biochemically, the modes of
their binding and interactions with the enzyme have not been
extensively explored. Structures of free UNG/Ung from many
sources and their complexes with Ugi have been reported
(Mol, Arvai, Sanderson et al., 1995; Mol, Arvai, Slupphaug et
al., 1995; Savva & Pearl, 1995; Savva et al., 1995; Ravishankar
et al., 1998; Xiao et al., 1999; Putnam et al., 1999; Saikrishnan et
al., 2002; Leiros et al., 2003, 2005; Moe et al., 2004; Géoui et al.,
2007; Raeder et al., 2010; Assefa et al., 2012, 2014). The
structure of the complex with oligonucleotides, however, is
known only for the human (Slupphaug et al., 1996; Parikh et
al., 1998, 2000; Bianchet et al., 2003), Escherichia coli (Werner
et al., 2000) and Herpes simplex virus 1 (HSV1; Savva et al.,
1995) enzymes. Of these, the oligonucleotide bound to HSV1
does not contain uracil. The structures of the complexes of
UNG/Ung with uracil, uracil analogues and some of its deri-
vatives have also been reported (Savva et al., 1995; Slupphaug

et al., 1996; Xiao et al., 1999; Parikh er al., 1998; Werner et al.,
2000; Bianchet et al., 2003; Krosky et al., 2006; Chung et al.,
2009; Schormann et al., 2013). Earlier analyses of the relevant
structures revealed concerted conformational changes in the
enzyme, leading to closure of the active-site cleft consequent
to the binding of DNA containing uracil (Slupphaug et al.,
1996; Werner et al., 2000). Subsequently, it was demonstrated
that Ung is a two-domain enzyme and that the domains close
in on the bound DNA containing uracil (Saikrishnan et al.,
2002). The mere presence of free uracil in the active site of the
enzyme does not lead to the closure of the active site (Savva et
al., 1995; Xiao et al., 1999).

The genome of Mycobacterium tuberculosis, being rich in
G+C content, is highly prone to damage owing to reactive
oxygen species (ROS) and reactive nitrogen intermediates
(RNI) present inside the macrophages during the latency of
the bacteria. The probability of the deamination of cytosine to
uracil is high owing to both the capacity of RNI for the
deamination of cytosine and the greater availability of cyto-
sine. MtUng plays an important role in restoring the genomic
integrity of the cell by removing deaminated cytosines from
DNA, avoiding the detrimental consequences. This makes
MtUng an important target for the search for and design of
inhibitors. The native structure of MtUng with a citrate
molecule bound in the active site and the structure of its
complex with Ugi have previously been reported from this
laboratory (Kaushal et al., 2008, 2010) as part of national and
international structural biology efforts on mycobacterial
proteins (Terwilliger et al., 2003; Murillo et al., 2007; Arora et
al., 2011). In the present study, we report the near-atomic
resolution structures of and thermodynamic data on
complexes of MfUng with uracil and its derivatives and new
crystal forms of the free enzyme. A detailed structural
examination of these high-resolution structures and the ther-
modynamic data have, amongst other things, led to striking
insights into conformational selection in DNA binding and the
modes of MtUng-ligand interactions.

2. Materials and methods
2.1. Crystallization

MtUng was expressed and purified as reported previously
(Singh et al., 2006). The purified protein was dialyzed against a
buffer consisting of 500 mM NaCl, 10 mM Tris—-HCl pH 7.5
before crystallization. Uracil, 5-fluorouracil, 5-chlorouracil,
5-bromouracil, 5-iodouracil, S5-nitrouracil, 5-aminouracil,
6-aminouracil and 2-thiouracil, all obtained from Sigma-
Aldrich, were used in attempts to prepare crystalline
complexes with the protein. These compounds, except for
5-fluorouracil, were sparsely soluble in water or the buffer.
They were therefore dissolved in a mixture of dimethyl sulf-
oxide (DMSO) and 2-propanol to make up 100 mM stock
solutions. Drops of these solutions were then added to the
protein solution. A molar ratio of 1:10 to 1:30 between the
protein and the ligand was used in co-crystallization experi-
ments. Crystallization of the native protein and the complexes
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Table 2
Details of data collection and refinement.

All crystals contained one molecule in the asymmetric unit. Values in parentheses are for the highest resolution shell.

Form I Form II
Crystal No. 1 2 3 4 5 6 7 8 9
Space group P2, P2, P2, P2, P2, P2, P2, 2 2
Unit-cell parameters
a(A) 38.92 38.91 37.99 38.91 39.02 38.96 38.96 68.50 69.82
b (A) 63.47 63.90 63.39 63.63 64.12 63.98 64.10 43.65 43.67
c (A) 45.19 45.08 45.23 45.09 45.13 45.22 45.25 67.46 67.65
B () 112.9 1122 114.1 112.8 112.5 112.4 112.6 98.9 99.1
Resolution range (A) 23.74-0.98 19.83-1.15  41.30-143 1941-1.19 32.07-1.18  25.42-1.10 17.50-1.13  36.68-1.24  36.89-1.97
(1.03-0.98) (1.21-1.15) (1.51-1.43) (1.26-1.19) (1.24-1.18) (1.16-1.10) (1.19-1.13) (1.31-1.24) (2.08-1.97)
Vm (A3 Da™) 2.10 2.12 2.03 2.10 213 213 213 2.03 2.08
Solvent content (%) 41.4 419 39.4 41.5 423 422 423 39.5 40.9
Unique reflections 115505 70859 35414 62231 67385 81890 71969 55335 14239
(16844) (9428) (4622) (8728) (9694) (11287) (10062) (7547) (1901)
Multiplicity 4.9 (45) 3.0 (25) 4.1 (33) 3.8 (3.5) 3.7 (34) 3.5(3.0) 3.9(3.8) 5.6 (4.4) 34(32)
Completeness (%) 100.0 (100.0)  98.0 (90.0) 97.8 (87.5)  96.7 (92.7) 99.8 (98.8) 98.4(93.3) 942 (90.7) 99.9 (93.5) 98.7 (91.2)
(Ilo(1)) 9.4 (24) 12.2 (3.6) 13.7 (3.6) 9.7 (3.9) 79 (2.4) 10.5 (3.6) 9.8 (3.3) 9.1 (2.6) 10.3 (4.9)
RuergeT (%) 11.5 (53.8) 4.9 (25.5) 6.1 (29.4) 8.1 (29.9) 10.1 (48.1) 6.7 (28.1) 7.6 (39.9) 10.7 (57.1) 89 (23.1)
Refinement and model statistics
R factor (%) 13.7 (22.2) 10.4 (19.9) 10.8 (20.0) 119 (20.2) 129 (26.1) 12.8(20.8) 12.8(21.8) 16.6(259) 16.5(17.1)
Riree (%) 15.4 (23.7) 12.4 (214) 158 (21.9) 14.8(229) 164 (28.7) 14.6(242) 156(23.3) 209 (29.3) 21.8(24.1)
R.m.s. deviation from ideal
Bond lengths (A) 0.020 0.018 0.020 0.017 0.013 0.010 0.013 0.018 0.018
Bond angles (°) 1.9 1.9 2.0 2.0 1.8 1.7 1.8 1.9 1.8
Ramachandran plot statistics (% of residues)
Favoured region 91.9 91.4 923 92.5 91.4 91.4 92.5 93.4 91.8
Allowed region 7.5 8.0 7.1 7.0 8.1 8.1 7.0 6.0 7.1
Generously allowed region 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1.1
Disallowed region 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PDB code 4wpk 4wpl 4wry 4wrz 4ws4 4ws6 4ws2 4wru 4ws0
Form II Form III Form IV Form V
Crystal No. 10 11 12 13 14 15 16 17
Space group c2 c2 P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2,
Unit-cell parameters
a (Aﬂ) 69.71 69.37 46.52 46.45 45.71 46.10 36.89 37.06
b (A) 43.64 43.78 60.02 59.92 63.91 64.25 45.00 45.07
c (10%) 67.60 67.23 74.88 73.36 86.47 85.45 122.61 122.06
B () i 99.1 98.5
Resolution range (A) 36.86-1.40 36.91-1.88 39.52-1.40 32.83-1.44 43.24-1.90 42.73-1.40 40.87-1.40 40.69-1.40
(1.48-1.40) (1.98-1.88) (1.48-1.40) (1.52-1.44) (2.00-1.90) (1.48-1.40) (1.48-1.40) (1.48-1.40)
Vu (A>Da™) 2.07 2.06 213 2.08 2.58 2.58 2.08 2.08
Solvent content (%) 40.7 404 424 41.0 523 524 40.8 40.9
Unique reflections 39017 (5089) 16412 (2375) 41836 (5813) 37819 (5431) 20588 (2933) 50776 (7264) 40968 (5862) 41291 (5934)
Multiplicity 7.1(5.1) 3.0 (3.0) 10.6 (7.0) 72(72) 12.5 (12.2) 6.4 (44) 5.0 (4.9) 6.0 (6.0)
Completeness (%) 98.3 (88.9) 99.9 (99.6) 99.6 (97.2) 100.0 (100.0)  99.7 (99.2) 100.0 (100.0)  99.5 (99.0) 100.0 (100.0)
(Ilo(1)) 11.0 (2.2) 9.6 (2.8) 20.3 (3.8) 10.8 (3.1) 7.4 (2.7) 10.1 (1.8) 10.3 (2.4) 9.3 (1.9)
Ruerge (%) 11.5 (68.6) 9.3 (39.0) 6.7 (47.9) 11.0 (103.4) 26.3 (93.1) 11.2 (75.3) 8.1 (62.2) 10.3 (92.3)
Refinement and model statistics
R factor (%) 133 (25.4) 14.2 (31.7) 12.0 (19.2) 12.1 (17.6) 16.3 (24.4) 13.4 (28.3) 12.4 (22.2) 13.2 (26.1)
Riree (%) 17.6 (28.5) 18.2 (32.9) 16.0 (22.1) 14.0 (20.5) 20.2 (28.1) 16.2 (29.0) 14.8 (25.8) 16.8 (31.2)
R.m.s. deviation from ideal
Bond lengths (A) 0.019 0.018 0.019 0.009 0.019 0.012 0.019 0.012
Bond angles (°) 1.9 2.0 2.0 15 2.0 1.6 1.9 1.6
Ramachandran plot statistics (% of residues)
Favoured region 92.9 91.8 92.9 90.1 93.4 91.8 91.5 93.1
Allowed region 6.6 7.7 6.6 8.8 55 7.1 7.9 6.3
Generously allowed region 0.5 0.5 0.5 1.1 0.5 1.1 0.5 0.5
Disallowed region 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0
PDB code 4wsl 4ws7 4ws5 4wrv 4wrw 4ws3 4wrx 4ws8

T Ruerge = 2omia 2o i (hkl) — (I(RKD)| /"0 =, 1,(hkl), where Ij(hkl) is the ith observation of reflection hkl and (I(hkl)) is the weighted average intensity for all i observations of
reflection hkl.

was simultaneously attempted by the microbatch-under-oil lization experiments. Drops containing equal volumes of the
method. The same protein solution was used in all crystal- protein solution and the precipitant solution were used for
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crystallization. Crystals were obtained under different condi-
tions involving the precipitants indicated in Table 1. One of
these conditions yielded two crystal forms of the native
protein and another condition yielded a further crystal form
of the native protein. Soaking experiments were carried out
using the native crystals in an attempt to generate more
complexes. The concentration of the ligand was kept at 40 mM
in all of the soaking experiments. The extensive crystallization
and soaking efforts led to crystals in five different forms. The
unique set of 17 native and complex crystals obtained from the
experiments is listed in Table 1. The orientation of the ligand
with respect to the molecule (see later) was also taken into
account in determining uniqueness.

2.2. X-ray data collection and processing

Intensity data were collected from a total of 17 crystals.
Data from three of them (crystals 9, 11 and 14) were collected
using a home source with a MAR345 detector mounted on a
Bruker-AXS Microstar Ultra II Cu Ko rotating-anode X-ray
generator. Nine data sets (crystals 1, 2, 3, 8, 10, 12, 13, 16 and
17) were collected using a CCD detector on the synchrotron
X-ray beamline BM14 at the European Synchrotron Radia-
tion Facility, Grenoble, France and the remaining five data sets
(crystals 4,5, 6,7 and 15) were collected using the same type of
detector on beamline PX-BL21 at the Indus-2 synchrotron
facility (1.5 T bending magnet, 2.5 GeV) at RRCAT, Indore,
India. All of the data sets were collected at a temperature of
100 K. Glycerol or ethylene glycol was used as the cryopro-
tectant. The diffraction images were processed and merged
using iMosflm (Battye et al., 2011) and SCALA (Evans, 2006)
in the CCP4 program suite (Winn et al., 2011). Intensities were
converted to structure-factor amplitudes using TRUNCATE
(French & Wilson, 1978) from the CCP4 program suite. The
crystal specifications, data-collection parameters and proces-
sing statistics are summarized in Table 2. All data sets except
for that from crystal 14 were of high quality. The compara-
tively poor quality of crystal 14 led to a high R,.,.. However,
analysis of the structure using the data proceeded smoothly.

2.3. Structure solution and refinement

The structures of the 17 crystals were determined by the
molecular-replacement method using Phaser (McCoy et al.,
2007) from the CCP4 program suite, with the coordinates of
MrUng from its citrate complex (PDB entry 3a7n; Kaushal et
al., 2010) as the initial search model. In consonance with the
indication from the Matthews coefficients of the crystals
(ranging between 2.03 and 2.58 A’ Da™!; Matthews, 1968),
Phaser gave the best solution for one molecule in the asym-
metric unit in all 17 cases. The solutions obtained from Phaser
were then built manually using Coot (Emsley et al., 2010)
before refinement. An initial rigid-body refinement followed
by positional refinement and individual B-factor refinement
was performed on each structure using REFMACS
(Murshudov et al, 2011) from the CCP4 program suite.
Alternative conformations with different occupancies were
assigned to the side chains of a few amino-acid residues during

refinement cycles. The stretches comprising residues 180-184
in crystal 3,171-173 in crystal 8 and 182-184 in crystal 16 were
also found to possess two possible conformations each.
2F, — F. and F, — F. maps computed at stages where R and
Ry had acceptable values showed unambiguous density for
the respective ligands in the active site of the enzyme in 14
crystals. The presence of the ligands was further confirmed by
computing simulated-annealing F,, — F. OMIT maps using
CNS v.1.3 (Briinger et al., 1998) to avoid model bias. Electron
densities and the results of refinement, particularly tempera-
ture factors, indicated two possible orientations of the ligand
in crystal 4 (form I), crystal 10 (form II) and crystal 17 (form
V). Water O atoms were added successively to the structures
in the final cycles of refinement using peaks with heights of
greater than 3.00 in F, — F. maps and 1.00 in 2F, — F_ maps.
Different components of the mother liquor were also
modelled into the electron density when appropriate. In the
final stage of refinement, anisotropic B factors were used in
cases where the data set had a resolution better than 1.5 A (all
except those from crystals 9, 11 and 14). The final refinement
parameters are given in Table 2.

2.4. Analysis of the structures

The refined models were evaluated using PROCHECK
(Laskowski et al, 1993). Structural superpositions were
performed using ALIGN (Cohen, 1997). Sausage plots were
generated using MOLMOL (Koradi et al., 1996). Figures were
generated using PyMOL (DeLano, 2002) and CHIMERA
(Pettersen et al., 2004). The domain movement in one mole-
cule with respect to another was calculated by superposing
domain 1 of the two molecules and then computing the angle
of rotation required to superpose domain 2 of the two mole-
cules.

2.5. Isothermal titration calorimetry

All titrations were conducted using a MicroCal VP-ITC
calorimeter equilibrated at various temperatures ranging from
278 to 298 K. The protein solution was exhaustively dialyzed
against a buffer consisting of 500 mM NaCl, 10 mM Tris—HCI
pH 7.5 before each titration. The molarity of the salt was kept
at a high level to prevent precipitation of the protein at high
concentrations. The ligand solutions were prepared in the
same dialysate as used for the dialysis of protein to avoid any
artifacts from the heat of mixing. A concentration range of
0.3-0.5 mM for protein solutions and 5-20 mM for various
ligand solutions were used in the titrations. The corresponding
C values for the titrations ranged between 0.21 to 10.78 (n X
K, x M, where n is the number of binding sites of the
macromolecule, K, is the binding constant and M, is the total
protein concentration used in titration). The lower end of the
C-value range was on account of the weak binding of a few
of the ligands and the limitation on protein concentration
(Turnbull & Daranas, 2003). 1.36 ml of the protein solution
was added to the sample cell, ensuring that no air bubbles
were trapped, and was then equilibrated to the appropriate
pre-set temperature. Solutions of uracil, 6-aminouracil, 2-thio-
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uracil, 5-nitrouracil, 5-flurouracil, 5-chlorouracil and 5-amino-
uracil were added as a series of injections (aliquots of 7-10 pl)
separated by means of a software-controlled syringe with
constant stirring at 307 rev min~'. The volume of the first
injection in each titration was set to 3 ul to avoid any
experimental artifacts associated with the loading of the ligand
with the syringe. The time spacing between successive injec-
tions was kept at 180 s to ensure a steady baseline of titration.
Titrations under identical conditions using ligand solution and
dialysate (protein buffer) only were also performed for dilu-
tion correction. Data were analyzed using Origin 7.0 Pro
(OriginLab) and the thermodynamic parameters, namely the
change in enthalpy (AH), the binding constant (K}) and the
number of binding sites (n), were determined employing
nonlinear least-square curve fitting of the data. Dilution
corrections were applied during the determination of the
thermodynamic parameters. The free energy (AG) was
calculated using the equation AG = —RTInK,, where R and T
are the universal gas constant and the absolute temperature
(in K), respectively. The change in entropy (AS) was then
calculated using the equation AG = AH — TAS.

3. Results and discussion
3.1. Overview of crystal forms

Among the ligands used in the crystallization and soaking
experiments, bromouracil failed to bind to the protein.
Todouracil also failed to bind, but a co-crystallization experi-
ment involving it yielded a complex with uracil. A mass-
spectrometric analysis of the ligand sample showed the
presence of a small amount of uracil. Presumably, this uracil
interacted with the protein, leading to complex formation.
Native crystals occurred in three different forms (Table 1).
The MtUng—-uracil complex occurred in three different forms.
Four distinct 5-fluorouracil complexes were distributed
between two different crystal forms. Complexes with 5-nitro-
uracil and 6-aminouracil occurred in two different crystal
forms each. The 5-aminouracil, 5-chlorouracil and 2-thiouracil
complexes occurred only in one crystal form each.

As in the case of all of the known structures of Ung from
different species, including M. tuberculosis, the molecule has
an o/f/o fold with a four-stranded parallel S-sheet (residues
62-65,123-127, 163-168 and 184-189) at the centre flanked by
several helices (Kaushal et al., 2008). The helices include four
long helices involving residues 20-35, 92-104, 145-158 and
206-216. Nearly 50% of the residues are in loops, most of
which are involved in interconnecting strands or helices. Four
of the five stretches indentified as being important for catalytic
activity, namely the water-activating loop (residues 66-72), the
proline-rich motif (89-93), the Gly-Ser loop (169-170) and the
leucine loop (191-199), are in the loop regions. The stretch
described as the uracil-recognition loop (124-128) encom-
passes a strand of the central sheet (Kaushal et al., 2008).

Seven of the 17 crystals considered in the present study
belonged to form I. The r.m.s. deviations on pairwise super-
position of C* positions of their molecules range between 0.09

and 0.50 A (Supplementary Table Sla). The corresponding
range in the four form II crystals is 0.08-0.37 A. The r.ms.
deviation in C* positions when the two form III crystals are
superposed is somewhat high at 1.52 A. The corresponding
values when the two form IV and form V crystals are super-
posed are low at 0.61 and 0.20 A, respectively. Thus, except
perhaps in the case of form III crystals, molecules in crystals
belonging to the same form appear to have a very similar
geometry. Close examination shows that crystals belonging to
forms I and II cluster together, while the remaining three
forms tend to form another cluster. The highest r.m.s. devia-
tion on pairwise superposition within the first cluster is 0.73 A.
The corresponding value in the second cluster is 1.52 A. When
a structure from one cluster is superposed on another from the
other cluster, the r.m.s. deviation in C* positions increases to
as high as 1.77 A. This clustering, and indeed the structural
mobility discussed below, appears to be independent of the
composition, including the pH, of the medium of crystal-
lization. For instance, structures in both clusters are found
among crystals grown under condition 1. Likewise, crystals in
the first cluster include those grown under conditions 1, 2, 3
and 4.

3.2. Domain movement and conformational selection

The clustering of structures mentioned above can be readily
understood if the domain movement within the molecule is

Figure 1

Structure of MtUng. Domain 1 is in green and domain 2 in red. The hinge
regions are in blue. The thick line represents the axis about which the
domains move. Bound uracil is shown as a van der Waals representation.
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taken into account. Ung was originally considered to be a
single-domain molecule (Savva et al., 1995). However, it was
subsequently shown that it contains two domains, and their
mutual orientation is affected by interaction with uracil-
containing or abasic DNA (Saikrishnan et al., 2002). In the
MtUng numbering, domain 1 encompasses the N-terminal
stretch up to residue 81 and residues 124-156 and domain 2 is
made up of residues 83-114 and 163-224, with residues 115—
123 and 157-162 constituting the link region (Fig. 1; Kaushal et
al., 2008). The variability in the mutual orientation of the two
domains involves a rotation about the axis shown in Fig. 1.
Domain closure in UNG/Ung on interaction with uracil-
containing or abasic DNA has been demonstrated in the
human and E. coli enzymes (Saikrishnan et al., 2002). In the
enzyme from these two sources, the molecule has a ‘closed’
structure when it interacts with DNA and an ‘open’ structure
when it is free. The difference between the closed and the
open structures involves a rotation of 8.0-11.7° about an axis
similar to that shown in Fig. 1.

The closure of the domains in response to interactions with
DNA could have resulted from induced fit or conformational
selection (Boehr et al., 2009). The interdomain orientations
in the 17 MtUng structures presented here facilitate a choice
between the two possibilities. None of them contain DNA.
Yet, the molecule in crystals 1-11 belonging to form I and
form II has a closed conformation. That in the rest of the
crystals, except crystal 14, has an open conformation with a
rotation of 7.6-10.1° of domain 2 with respect to the molecule
in the closed conformations in crystal 1. The molecule in
crystal 14 has a ‘half-closed’ or ‘half-open’ conformation with

Figure 2
The sausage plot of domain 2, highlighting the variable stretch.

a rotation of 5.5°. On the reasonable assumption that the 17
structures reported here sample the different accessible
conformations of the molecule, it would appear that a closed
conformation is chosen from the ensemble when the molecule
interacts with DNA, in a case of conformational selection.
Interestingly, the mutual orientation of the two domains
appears to be unaffected by the absence or the nature of the
small ligand. One of the native structures has a closed
conformation while the other two have an open conformation.
The uracil, S-nitrouracil and 6-aminouracil complexes occur in
closed as well as open conformations.

3.3. Segmental mobility within domain 2

It turns out that domain 1 has nearly the same structure in
all of the crystals, with the maximum r.m.s. deviation in C*
positions on pairwise superposition being 045 A (Supple-
mentary Table S1b). Domain 2, however, exhibits substantial
structural variability among the crystals. A close examination
revealed that most of the differences in this domain are
confined to a variable region involving the 168-199 stretch
(Fig. 2). Rum.s. deviations in C* positions on pairwise super-
positions of the rest of the domain are always less than 0.4 A
(Supplementary Table Slc). The deviations in the variable
region range between 0.10 and 4.26 A (Supplementary Table
S1d). The values are less than 1.57 A among the form I and
form II crystals, all of which exhibit a closed conformation.
Large differences exist among the structures of this stretch
among molecules with open conformation. The two crystals
belonging to form III (crystal 12 and 13) present an interesting

Figure 3
Superposition of the variable stretch in crystal 1 (form I; green line) and
crystal 13 (form I1I; red line).
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situation. The molecule in both of them has an open confor-
mation. However, the structure of the variable stretch in
crystal 12 is closer to those in form I and form II crystals, while
that in crystal 13 is closer to that in the form IV crystals. The
flexible region in form V crystals, which have molecules in the
open conformation, exhibits structural similarity to that in
molecules in the closed conformation. In fact, the stretches in
crystals belonging to forms I, IT and V superpose reasonably
well. Thus, the structural variability in the 168-199 stretch in
domain 2 does not appear to be correlated with the variations
in the mutual orientation of the domains.

Broadly speaking, the crystals can be divided into two sets
in terms of the structure of the 168-199 stretch. One set
involves all crystals except for 13, 14 and 15. The other is made
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@, ¥ angles in different crystals for (a) Glyl169 and (b) Gly182.

up of crystals 13, 14 and 15. The r.m.s. deviations in C* posi-
tions in each set are less than 1.85 A. Those resulting from
comparisons of a crystal from one set and another from the
other set vary between 3.47 and 4.25 A. The difference
between the two sets is most pronounced in the 189-199
segment. The Ser189-Pro190 peptide bond is trans in all of the
stretches except in those of crystals 13, 14 and 15, in which this
bond has a cis conformation. This change in isomerism results
in a distance of 7.2 A between the C* positions of Pro190 in
the two sets, as measured between those in crystals 1 and 13
(Fig. 3). The distances between the C* atoms of His191 and
Leul95 in the two sets are 7.0 and 4.7 A, respectively. The
differences decrease and converge by the 200th residue.

The differences in the conformation of this stretch within
the two large sets of MtUng structures, delineated on the basis
of the conformation about the Ser189-Pro190 peptide bond,
can be explained in terms of the Ramachandran angles at
Gly169 (Fig. 4a) and Gly182 (Fig. 4b). Both sets of angles
cluster together separately for crystals belonging to form I and
form II. The difference between the two is primarily in the
conformation at Gly182. The ¢, ¥ angles at this residue are in
the helix region in form I and in the region corresponding to
the extended conformation in form II. This difference is
reflected by the conformation of the stretch in the two sets of
crystals (Fig. 5a). The Ramachandran angles at the two resi-
dues and hence the conformation of the stretch in crystal 12
are similar to those in the crystals belonging to form I. Crystals
16 and 17 belonging to form V have also ¢, ¥ angles at Gly169
and Gly182 similar to those in form I crystals. As can be seen

Gly182
(%)

Figure 5

Superposition of the variable stretch in (a) crystal 1 (form I; thick green
line), crystal 8 (form II; blue dashed line), crystal 12 (form III; thin
magenta line) and crystal 16 (form V; black dotted line) and in (b) crystal
13 (form III; thin red line), crystal 14 (form IV; purple dotted line) and
crystal 15 (form IV; thick cyan line).
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in Fig. 5(a), the difference between the stretches in form I and
form V is confined to the region around Gly182.

Among the smaller set, the ¢, ¥ angles at Gly182 in crystals
13, 14 and 15 cluster in the region corresponding to the
extended chain. However, the angles at Glyl69 exhibit
substantial differences. They are at the two ends of the region
corresponding to the extended chain in crystals 13 and 15. The
corresponding angles in crystal 14 are in a region that is only
allowed for a glycyl residue. Consequently, the conformations
of the stretch in crystals 13 and 15 are closer to each other than
they are to that in crystal 14 (Fig. 5b).

To sum up, the segmental variability involving the 168-199
stretch can be described to a reasonable extent in terms of cis—
trans isomerism at Pro190 and conformational variability at
Glyl169 and Gly182. Among these, the effect of the cis—trans
isomerism is the most pronounced and forms the basis for the
classification into two broad sets. Differences in the ¢, ¥
angles at Glyl69 and Gly182 lead to conformational varia-
bility in the stretch within each set. Among the other UNG/
Ung molecules of known three-dimensional structure, the
residue corresponding to the 190th position in MfUng is a
proline only in the enzymes from E. coli, Vibrio cholerae and
Coxiella burnetii. In the structures of the enzyme from these
three sources, the peptide bond preceding the proline residue
is trans. However, the possibility of this bond assuming a cis
conformation in an appropriate environment cannot be ruled
out. This possibility does not exist in cases where the residue at
the position corresponding to 190 in MtUng is not a proline.
Among the two glycines referred to above, Gly169 is invariant
in all UNGs/Ungs of known three-dimensional structure.
Therefore, flexibility arising from the presence of the glycyl

Orientation 4

02
Uracil (2, 8) 5-Fluorouracil (9)

Orientation B

Uracil (13)

5-Fluorouracil (3)
Figure 6

6-Aminouracil (7, 15)

5-Aminouracil (6)

residues could occur in these enzymes. However, the residue
at position 182 is glycine only in M¢Ung. This adds to the
variability of the mycobacterial enzyme.

Among the stretches identified as being important for
catalytic activity, the water-activating loop (66-72) and the
uracil-recognition loop (124-128) belong to domain 1. The
remaining three stretches, namely the proline-rich motif (89—
93), the Gly-Ser loop (169-170) and the leucine loop (191-
199), belong to domain 2. The last two belong to the most
variable stretch of the molecule. Interestingly, the leucine loop
is the most variable structural element in the molecule. This
loop plays a major role in Ung-Ugi and Ung-DNA inter-
actions (Kaushal et al., 2008). The loop also moves on complex
formation with Ugi and DNA. In particular, Leul95 exhibits a
high degree of burial on complexation. Furthermore, His191,
the first residue in the loop, is involved in an interaction with
the ligand in almost all of the known complexes of the enzyme
with uracil.

3.4. Protein-ligand interactions

14 of the 17 crystals reported here contain uracil or one of
its derivatives as a ligand. The bound derivative in each case
is S-fluorouracil, 5-chlorouracil, 5-aminouracil, 5-nitrouracil,
2-thiouracil or 6-aminouracil. The electron density for the
ligands are well defined in all cases (Fig. 6). Co-crystallization
and soaking involving 5-bromouracil and 5-iodouracil were
attempted but were unsuccessful.

In addition to complexes involving Ugi and DNA,
complexes of Ung from other sources with uracil,
6-aminouracil and uridine have been reported. The present

Orientation AB

2-Thiouracil (17) 5-Fluorouracil (4, 10)

5-Chlorouracil (11)

S-Nitrouracil (5, 12)

Typical electron densities for ligands in appropriate simulated-annealing F, — F. OMIT maps. Contours are at the 3¢ level. The numbers in parentheses

are crystal numbers.
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Protein-ligand interactions in different crystals with ligand orientation A (a) and B (b). The numbers in parentheses are crystal numbers.
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investigation involves a comprehensive study of the inter-
actions of MfUng with uracil and a variety of representative
uracil derivatives. Representative sets of interactions which
occur in the 14 structures are illustrated in Fig. 7. Unexpect-
edly, it was found that the ligands can bind to Ung in two

Leucine loop

Gly169

_ ®)
Figure 8

(a) Location of citrate ions in crystal 5. (b) One strand of a modified DNA
molecule in complex with human UNG (PDB entry 1q3f) superposed on
the citrate ions and interacting residues in crystal 5. Hydrogen bonds
involving citrate and phosphate O atoms are indicated by dotted and
dashed lines, respectively.

different, but related, orientations, hereafter described as A
and B. Orientations A and B are related to each other by a
180° rotation about a line joining N3 and C6 in the uracil
moiety. This involves an interchange of O2 and O4 and their
interactions. In orientation A, O2 makes hydrogen-bonding
interactions with GIn67 N and His191 NE2 (in most cases),
while O4 forms hydrogen bonds to Phe81 N, Asn127 ND2
and a water molecule. The water molecule bound to O4 is
hydrogen-bonded to Tyr70 N, thus forming a water bridge. An
N3---Asn127 OD1 hydrogen bond occurs in both orientations,
as does the stacking interaction between the uracil ring and
the side chain of Phe81.

Except in the cases of unsubstituted uracil and 6-amino-
uracil, the two orientations can be easily distinguished on the
basis of the location of the substituents. When uracil or
6-aminouracil is the ligand, the structure was refined in both
orientations. The structure which gave nearly the same B
values for the ring atoms at the 1 and 5 positions was accepted
as that corresponding to the correct orientation. The relevant
structures have been refined at comparatively higher resolu-
tions ranging from 1.15 to 1.4 A and the discrimination based
on B values appeared to be reliable, especially as restrained
and unrestrained refinements led to the same conclusion in
each case. The conclusion was further confirmed by the
examination of OMIT maps contoured at various levels
(Supplementary Fig. S1)

Uracil is the ligand in crystal 2 (form I), crystal 8 (form II)
and crystal 13 (form III). In the first two the ligand is in
orientation A, while it is in orientation B in crystal 13.
6-Aminouracil, which is bound to the protein in crystal 7 (form
I) and crystal 15 (form IV), is in orientation A. 5-Chlorouracil
(crystal 11, form II), 5-aminouracil (crystal 6, form I) and
S-nitrouracil (crystal 5, form I and crystal 12, form III) bind
to the enzyme in orientation B. 5-Fluorouracil presents an
interesting case. It has orientation A in crystal 9 (form III),
while it is in orientation B in crystal 3 (form I). Both orien-
tations coexist with 50% occupancy each in crystal 4 (form I)
and crystal 10 (form II). Similarly, 2-thiouracil exists in both
orientations in crystal 17 (form V). These results clearly
indicate that the orientation of the ligand is not influenced by
the nature of the crystal form and the conditions, including the
pH, under which the crystals were grown. Nor is it influenced
by the interdomain orientation. Both ligand orientations are
found in the open and the closed forms of the molecule.

The above results appear to suggest that both the orienta-
tions are nearly equally preferred unless the interactions
involving the substituents favour or disfavour one orientation.
The majority of the ligands used in the present investigation
involve substitution at the 5" position of the uracil. In unsub-
stituted uracil, the hydrogen at this position could form a C—
H- - . interaction with the side chain of Tyr70 in orientation A
(Handa et al., 2002). This is replaced by an N—H- - - inter-
action in orientation B. These interactions are replaced by
C—F--.m and N—H. -7 interactions in the complexes of
5-fluorouracil. When the substituent is larger as in 5-chloro-
uracil, 5-aminouracil and 5-nitrouracil, orientation A is disfa-
voured on account of the steric clash of the substituent with
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Table 3

Thermodynamic parameters for the interaction of uracil and uracil derivatives with MtUng.

Standard deviations for the thermodynamic parameters were obtained from three independent ITC

5, as illustrated in Fig. 8(b). A terminal
carboxylate O atom of citrate 1
hydrogen-bonds to the peptide N atom

experiments. and the side-chain hydroxyl group of
K, x 1073 —AG, —AH, —AS Ser93. In the DNA complex, a phos-
. —1 —1 -1 —1 -1 .
Ligand TK) n (M) (kJmol™) — (kJmol™)  (IJmol™"K™)  phate O atom located at a distance of
6-Aminouracil 278 1074003  336+07 241 464+17 81 only 0.55 A from the citrate O atom
Uracil 278 1.00 + 0.01 189 £ 0.3 22.7 58.6 £2.5 129 interacts in a similar manner with
2-Thiouracil 278 0.88 £+ 0.07 31+03 18.5 427 £33 88 :
erl69 in the human enzyme. A term-
5-Nitrouracil 278 0.81 £ 0.01 1.64 + 0.01 17.2 527 £0.8 128 S 9 . . y
S-Fluorouracil 278 093 £0.08 045+002 141 200£21 25 inal O atom in citrate 2 forms a

the aromatic ring of Tyr70. In the case of 2-thiouracil, inter-
actions involving a CO group and a CS group are exchanged
when the orientations are interchanged, without any apparent
difference in the energy of interaction. Both orientations of
2-thiouracil coexist in crystal 17. The position of the amino
group in 6-aminouracil remains the same in both of the
possible orientations of the bound ligand. Therefore, both
orientations could be equally preferred. Only one of them has
been observed so far in the complexes (crystals 7 and 15).
Most of the interactions with the uracil moiety remain
the same in all of the complexes. The only exception is the
hydrogen bond involving His191. This is the only residue from
domain 2 which hydrogen-bonds to the ligand. The movement
of domain 2 with respect to domain 1 slightly affects the
position of the residue, but it does not affect the hydrogen
bond as long as there is no drastic change in the variable
stretch referred to earlier. However, in crystals 13 and 15,
where there are drastic changes in the variable stretch, the
histidyl side chain has very different positions and orienta-
tions. The hydrogen bond involving the histidyl residue does
not exist in them. However, the location and the orientation of
the ligand is unaffected by the absence of this hydrogen bond.

3.5. Protein—citrate interactions

In the course of the refinement, some components of the
mother liquor were fitted into the density when appropriate.
No biological relevance can be readily attributed to the
interactions of these components with the protein, except in
the case of citrate. The precipitant used for crystallization
contained 1.6 M sodium citrate in eight of the 17 experiments
which resulted in crystals. Six of these eight crystals contain
ordered citrate ions with unambiguous density at one or both
of two locations. These locations, as observed in the complex
involving 5-nitrouracil (crystal 5), are illustrated in Fig. 8(a).
Interestingly, the citrate ions interact with the proline-rich
motif (89-93) and the Gly-Ser loop (169-170), which are
regions of the molecules involved in DNA binding. The ion
that interacts with the Gly-Ser loop is also in steric contact
with the leucine loop (191-199). This loop is known to play an
important role in UNG-DNA interactions.

One strand of a cationic 1-aza-2’-deoxyribose-containing
DNA molecule in its complex with human UNG (HsUNG)
(PDB entry 1q3f; Bianchet ez al., 2003) was superposed on the
citrate ions and the residues that interact with them in crystal

hydrogen bond to the main-chain N
atom of Argl70. The residue in the
corresponding position in human enzyme is a serine (Ser247).
A phosphate O atom 0.51 A from the citrate O atom forms a
hydrogen bond to the main-chain N atom of Ser247 in
HsUNG.

3.6. Thermodynamics of ligand binding

ITC measurements were performed for the binding of all of
the ligands found in the crystalline complexes at 278, 298 K
and at least one intermediate temperature in most cases. For
S-aminouracil and 5-chlorouracil, binding at all temperatures
was too weak to be quantified. As for the rest, sensible ther-
modynamic parameters could be obtained for 5-fluorouracil
only at 278 K, presumably as it is the weakest binder among
them. Thus, only the parameters determined at 278 K were
available for the binding of all of the ligands and they were
used for purposes of comparison (Table 3, Supplementary
Fig. S2). Interestingly, 5S-aminouracil and 5-chlorouracil, the
binding of which to MfUng was too weak to be quantified, can
bind the protein only in orientation B. Thus, it would appear
that A is the preferred orientation. 5-Nitrouracil also binds to
the protein in orientation B. However, thermodynamic para-
meters of its binding to MtUng could be measured. This is
probably because of the additional interactions of the nitro
group with Ser93 OG and His191 NE (Fig. 7b).

The free energy of binding between the various ligands and
the enzyme varies in a comparatively small range between
—14.1 and —24.1 kI mol™". The only derivative which has
nearly the same free energy of interaction with the enzyme as
that of uracil is 6-aminouracil. The protein-ligand interactions
in the two cases are nearly identical. 6-Aminouracil has an
additional interaction in the form of a close approach of the
amino group to Ser93 OG. The interaction energy is lower in
the case of 2-thiouracil than in the case of uracil, as one set of
hydrogen-bonded interactions involving a CO group is now
replaced by a set involving the CS group. The energy is also
lower when the ligand is 5-fluorouracil, as a C—H- - -w or N—
H- - - interaction in the case of uracil is replaced by a C—
F.. .7 interaction. Thus, a reasonably satisfactory structural
rationale exists for the observed thermodynamic parameters.

3.7. Comparison with the human enzyme

A comparison between MfUng and HsUNG is of particular
interest in relation to inhibitor design aimed at drug devel-
opment. The two enzymes exhibit a sequence identity of 45%.
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Three crystal structures of ligand-free HsUNG in the open
conformation and six of its complexes in the closed confor-
mation are available (Slupphaug et al., 1996; Parikh et al., 1998,
2000; Bianchet et al., 2003; Moe et al., 2004; Assefa et al., 2012).
Calculations involving representative structures show that the
domains of the two enzymes superpose well, with an r.m.s.
deviation in C* positions ranging from 1.09 to 1.37 A, except
when domain 2 of the molecules in crystal 13, 14 and 15 is
involved. Superposition involving domain 2 of these three
crystals yield r.m.s.d.s ranging from 1.89 to 2.42 A. As indi-
cated earlier, the molecule in these three crystals differs from
that in all others in containing a cis Ser189-Pro190 bond. The
residue corresponding to position 190 in MfUng is an alanine
in HsUNG. Therefore, the peptide bond preceding it is always
trans in the human enzyme, while it is cis in crystals 13, 14 and
15 and trans in all other crystals of MtUng. Consequently, the
conformation of the stretch in HsUNG corresponding to the
168-199 stretch in MtUng is similar to that in crystals other
than 13, 14 and 15. It is the difference in the conformation of
this stretch that makes the superposition of domain 2 of the
molecules in crystal 13, 14 and 15 onto that of the molecule in
the crystals of HsUNG comparatively poor. Among the two
glycyl residues which contribute to the conformational flex-
ibility of the stretch to a lesser extent than the cis—trans
isomerism of the 189-190 bond, Gly182 is replaced by a lysyl
residue in HsUNG. However, the Ramachandran angles of
Gly182 are appropriate for an L-amino acid and therefore the
substitution does not have serious conformational conse-
quences. Thus, the overall structure of MtUng and HsUNG is
similar except that MfUng can additionally assume a slightly
different structure making use of the segmental mobility
facilitated by the cis—trans isomerism of the 189-190 peptide
bond.

Uracil and its derivatives bind to HsUNG in exactly the
same way as they bind to MfUng. However, there are two
critical differences between the two at the mouth of the uracil-
binding pocket. The relevant residues are Thr72 and Arg92 in
MtUng. The corresponding residues in HsUNG are a glycine
and a proline, respectively. Thus, unlike in HsUNG, an
appropriate small molecule can hydrogen-bond to Thr72 and
Arg92 and occupy this space, as citrate 1 does in crystal 5
(Fig. 9), as well as interfere with DNA binding. Admittedly,
this is only an indication provided by the structure, which
needs to be pursued further.

4. Conclusions

The structural analyses of 17 different crystals of MtUng
and its complexes with uracil and its derivatives presented
here provide a comprehensive picture of the plasticity of the
enzyme. This plasticity involves variability in the interdomain
orientation and segmental mobility of a 32-residue stretch.
The structures also provide evidence for the limited variability
in the orientation of ligands when bound to the enzyme.

A large number of crystallographically independent struc-
tures of UNG/Ung from different sources and their complexes
with Ugi, DNA fragments and small ligands have been

reported earlier. In terms of the orientation between the two
domains, the structures can be classified into two broad cate-
gories: those interacting with uracil-containing or abasic DNA,
with a relatively closed structure, and all others, with an open
structure. In the light of the current discussions on confor-
mational selection versus induced fit, it is of interest to enquire
whether uracil-containing or abasic DNA induces the closed
conformation or whether the closed form is among the
conformations that are accessible to the native enzyme. In
none of the 17 structures reported here does the molecule
interact with DNA. However, 11 of them have a closed
conformation, five an open conformation and one a half-open
conformation. It would thus appear that the molecule can
access an ensemble of conformations, of which the closed
conformations are chosen when it interacts with the appro-
priate DNA.

Domain 1 is relatively rigid. Except for the 168-199
segment, domain 2 is also relatively rigid. The conformational
difference is most pronounced in the 189-199 stretch, mainly
on account of cis—trans isomerization about the Ser189-Pro190
peptide bond. The variability of this segment is accentuated by
the differences in the main-chain conformation at Gly169 and
Gly182. The leucine loop (191-199), which interacts exten-
sively with DNA, forms part of the most variable stretch of the
segment. This flexibility perhaps endows the molecule with a
degree of versatility in its interaction with DNA.

A detailed examination of the complexes of MfUng with
uracil and its derivatives reveal that the ligand can assume two
orientations that are related to each other by a twofold axis
passing through N1 and C6 of the uracil moiety. Both of the
orientations appear with equal facility when the ligand is
uracil. Only one orientation is possible in the case of some of
the uracil derivatives, as the other orientation results in severe
steric clashes. Most of the residues which interact with the
ligands belong to domain 1. His191 is the only residue from
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Figure 9

Surface representation of the binding pocket of MfUng as seen in crystal
5. The bound ligand and citrate ions are shown. Also shown in black is the
region of the DNA molecule illustrated in Fig. 8(b), which overlaps with
the location of the citrate ion in crystal 5.
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domain 2 that interacts with the ligand. In the cases where the
Ser189-Pro190 peptide bond is cis, this interaction is abolished
as the histidyl residue moves away from the ligand. This does
not appear to cause any dislocation of the ligand, indicating
that the enzyme can bind uracil and its derivatives even
without an interaction with His191. Thus, residues from
domain 1 are almost wholly responsible for binding uracil,
whereas most of the interactions with DNA involve domain 2.
The structures presented here provide a reasonably compre-
hensive picture of the interactions of Ung with uracil and its
derivatives. Thermodynamic parameters provide a satisfactory
rationale for the information provided by the crystal struc-
tures. This information and that on the differences between
MtUng and the human enzyme at the mouth of the binding
pocket could be useful for structure-based design of inhibitors
of the enzyme.

The interactions of the two citrate ions bound to the
molecule in a few crystals appear to present a case of mole-
cular mimicry. They overlap at two regions of the bound DNA
when the structures are superposed onto those of human
UNG-DNA complexes. Furthermore, one carboxylate O
atom in each citrate ion interacts with the protein in a very
similar way to a phosphate O atom from DNA. It has been
observed earlier that a citrate ion from the buffer occupies the
location of the phosphate tail of the nucleotide near the P-
loop of M. tuberculosis pantothenate kinase when nucleotides
are not present in the medium (Chetnani ef al., 2009). Similar
observations have also been made for the structures of human
dyanin-1-like GTPase (Wenger et al., 2013) and M. tubercu-
losis nucleoside diphosphate kinase (Georgescauld et al.,
2014). Thus, the locations of the citrate ions in the present
structures could well be appropriately made use of to interfere
with the DNA binding of the enzyme.
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