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Structural and biophysical analysis of interactions
between cod and human uracil-DNA N-glycosylase

(UNG) and UNG inhibitor (Ugi)

Uracil-DNA N-glycosylase from Atlantic cod (cUNG) shows
cold-adapted features such as high catalytic efficiency, a low
temperature optimum for activity and reduced thermal
stability compared with its mesophilic homologue human
UNG (hUNG). In order to understand the role of the
enzyme-substrate interaction related to the cold-adapted
properties, the structure of cUNG in complex with a
bacteriophage encoded natural UNG inhibitor (Ugi) has been
determined. The interaction has also been analyzed by
isothermal titration calorimetry (ITC). The crystal structure
of cUNG-Ugi was determined to a resolution of 1.9 A with
eight complexes in the asymmetric unit related through
noncrystallographic symmetry. A comparison of the cUNG-
Ugi complex with previously determined structures of UNG-
Ugi shows that they are very similar, and confirmed the
nucleotide-mimicking properties of Ugi. Biophysically, the
interaction between cUNG and Ugi is very strong and shows a
binding constant (K;,) which is one order of magnitude larger
than that for hUNG-Ugi. The binding of both cUNG and
hUNG to Ugi was shown to be favoured by both enthalpic and
entropic forces; however, the binding of cUNG to Ugi is
mainly dominated by enthalpy, while the entropic term is
dominant for hUNG. The observed differences in the binding
properties may be explained by an overall greater positive
electrostatic surface potential in the protein—-Ugi interface of
cUNG and the slightly more hydrophobic surface of hUNG.

1. Introduction

Uracil may arise in DNA by misincorporation of dUTP
instead of dTTP during DNA replication or by cytosine
deamination (Krokan et al., 1997). Uracil damage can have
deleterious consequences in an organism if it is left un-
repaired. The highly mutagenic U-G lesions can lead to a
transversion of G:C to T:A, which can change the genomic
sequence. Even though uracil can sufficiently base pair with
adenine, its incorporation can also interfere with the DNA
interaction of DNA-binding proteins and affect the regulation
of gene expression (Visnes et al, 2009; Kavli et al., 2007,
Zharkov et al., 2010). Uracil-DNA N-glycosylase (UNG) is a
DNA-repair enzyme which initiates the removal of uracil in
the base-excision repair (BER) pathway by cleaving the
N-glycosidic bond between the uracil and the deoxyribose
backbone. UNGs have been identified from a number of
organisms and crystal structures have been determined for
UNGs from human (Mol, Arvai, Slupphaug et al, 1995),
herpes simplex virus 1 (Savva & Pearl, 1995), Escherichia coli
(Xiao et al., 1999), Atlantic cod (Leiros et al., 2003), Deino-
coccus radiodurans (Leiros et al., 2005) and Vibrio cholerae
(Raeder et al., 2010). All six enzymes have similar structures

Received 8 November 2013
Accepted 20 May 2014

PDB reference: UNG-Ugi

complex, 4lyl

Acta Cryst. (2014). D70, 2093—-2100

doi:10.1107/51399004714011699

2093


http://crossmark.crossref.org/dialog/?doi=10.1107/S1399004714011699&domain=pdf&date_stamp=2014-07-25

research papers

and consist of a classic single-domain «/g-fold with a central
four-stranded parallel and twisted B-sheet surrounded by 11
a-helices. The N- and C-termini are on opposite sides of the
central B-sheet and the active site is located within a positively
charged groove at the C-terminal end of the f-sheet.

One common characteristic of UNGs is their inhibition by
Ugi (Zharkov et al., 2010). Ugi is a small (9.5 kDa), acidic (pI
4.2) and heat-resistant protein encoded by the Bacillus subtillis
bacteriophages (PBS1 and PBS2), which use uracil instead of
thymine as a normal component of their DNA (Wang &
Mosbaugh, 1988; Cone et al., 1980). Ugi inhibits UNGs from a

wide range of organisms and can form a very stable complex
which cannot be disrupted under normal physiological
conditions (Acharya et al., 2002; Bennett et al., 1993).

The crystal structure of UNG in complex with Ugi has been
determined for UNGs from human (Mol, Arvai, Sanderson et
al., 1995), herpes simplex virus 1 (Savva & Pearl, 1995), E. coli
(Saikrishnan et al., 2002; Ravishankar et al., 1998; Putnam et
al., 1999), Epstein—Barr virus (Géoui et al., 2007) and Myco-
bacterium tuberculosis (Kaushal et al., 2008). These complex
structures revealed that the UNG-Ugi interaction closely
resembles the interaction of UNG with DNA (Mol, Arvai,

Figure 1

(a) The cUNG-Ugi complex (cUNG in blue, Ugi in green) superimposed on the hUNG-Ugi complex (PDB entry 1emh; grey) with some loops labelled.
There are no large conformational shifts in cUNG-Ugi compared with hUNG-Ugi, except for in some flexible loop areas. (b) Ribbon representation of
the cUNG-Ugi complex (cUNG in light blue, Ugi in green) superimposed on the hUNG (in grey) complex structure with uncleaved substrate (uracil)
containing DNA (PDB entry lemh). (c, d) Calculated electrostatic surface potential of (¢) cUNG (chains EF) and (d) hUNG in complex with Ugi (grey).
Selected residues are displayed as stick models and labelled. UNG surfaces are gradient coloured according to the electrostatic potential at 25°C
(—12kTle to +12kT/e) from negative (red) to positive (blue) potential. The difference in the surface potential of cUNG can be seen as small changes
spread over the contact surface area, in particular in the groove accommodating the Ugi S-sheet that mimics the phosphate backbone of DNA.
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Sanderson et al., 1995; Putnam et al., 1999; Savva & Pearl,
1995); thus, investigation of the UNG-Ugi interaction appears
to be useful for understanding the nature of the UNG-DNA
interaction. Ugi binds to the same conserved regions of UNG
which normally interact with DNA: the 4-Pro loop (165-
PPPPS-169), the Gly-Ser loop (246-GS-247) and the minor-
groove intercalation loop (Leu272 loop; 268-HPSPLSVY-275)
(hUNG numbering; Fig. 1a).

Ugi consists of a five-stranded antiparallel S-sheet and two
a-helices. It blocks access to the active site of UNG by
inserting its B1 strand into the conserved DNA-binding groove
of the enzyme without contacting the uracil-specificity pocket
(Mol, Arvai, Sanderson et al., 1995; Putnam et al., 1999). The
interface between hUNG and Ugi involves 12 enzyme side
chains and 14 inhibitor side chains, which explains the
profound stability of the complex, which cannot be disrupted
under physiological conditions (Bennett er al, 1993; Mol,
Arvai, Sanderson et al., 1995). Even though the mechanism of
Ugi binding by UNGs from different organisms is similar,
there are differences in the binding affinity (Acharya et al.,
2003; Kaushal et al., 2008; Géoui et al., 2007). This has been
suggested to be caused by differences in the number of
hydrogen bonds, hydrophobic interactions and other electro-
static interactions.

The catalytic domain of UNG from Atlantic cod has
previously been identified, recombinantly produced in E. coli,
purified and characterized, and its crystal structure has been
determined (Lanes et al, 2002; Leiros et al, 2003; Moe et
al., 2004). Biochemical characterization experiments and
molecular-dynamics simulation data have shown that cUNG
has characteristic cold-adapted features such as a low
temperature optimum for activity, high catalytic efficiency,
reduced temperature stability and greater structural elasticity
compared with recombinant human UNG (Lanes et al., 2002;
Olufsen et al., 2005). Indeed, differential scanning calorimetry
(DSC) studies of cUNG and hUNG have shown that cUNG is
less thermostabile than hUNG (Assefa et al., 2012). In addi-
tion, the crystal structure has shown that cUNG has a more
positive electrostatic surface potential in the substrate-binding
site (Leiros et al., 2003; Moe et al., 2004), which may explain
the increased substrate affinity documented for the enzyme by
biochemical studies (Lanes et al., 2000, 2002). The presence
of the nonpolar Vall71 on the surface of cUNG instead of a
negatively charged Glu as in hUNG has been identified as
crucial in this respect (Moe et al., 2004).

Here, we present the 1.9 A resolution crystal structure of
cUNG in complex with Ugi and the experimental binding
analysis of cUNG and hUNG with Ugi. We have performed
both comparative structural and isothermal titration calori-
metry (ITC) analyses in order to address the question of how
the enzyme-substrate interaction may have been optimized
for the cold environment of cUNG. Our results show that
Ugi is bound more tightly by cUNG than by hUNG at 25°C.
Additionally, the contribution of enthalpy to the binding free
energy is larger in the cUNG-Ugi association than in the
hUNG-Ugi interaction, where the entropic term is dominant.
The crystal structure of the cUNG-Ugi complex allows us to

explain the greater binding enthalpy by the optimized positive
electrostatic surface potential both in and adjacent to the Ugi-
binding site of cUNG. Also, the larger entropic contribution
in hUNG-Ugi binding is explained by the more hydrophobic
hUNG surface.

2. Materials and methods
2.1. Expression and purification of cUNG, hUNG and Ugi

Expression and purification of the UNGs were performed
as described previously (Assefa et al., 2012). The Ugi recom-
binant plasmid pRSETb, which was kindly provided by Dr
Thibault Géoui (EMBL, Grenoble), was used to transform
E. coli BL21 (DE3) pLysS cells. The purification and expres-
sion procedures were modified from Bennett & Mosbaugh
(1992). In brief, the Ugi protein was expressed at 37°C and the
cells were harvested after 2-3 h induction with 1 mM IPTG.
The cells were suspended in 25 mM Tris—-HCI pH 7.5, 10 mM
NaCl, 1 mM EDTA, 1% glycerol and subjected to ultra-
sonication. The supernatant was collected by centrifuging the
cell lysate for 15 min at 48 000g. The supernatant was then
heated to 95°C for 15 min and centrifuged for 1 h at 48 000g.
The resulting supernatant was applied onto a Q-Sepharose
column and then onto a Superdex 75 column. The Ugi protein
solution was concentrated and stored at —20°C.

2.2. Preparation of the cUNG-Ugi complex

The cUNG-Ugi complex was prepared by mixing cUNG
and Ugi in a 1:2 ratio (excess Ugi) and diluting the solution
to approximately 3 mgml~" in buffer consisting of 25 mM
Tris-HCI, 10 mM NaCl, 1 mM EDTA, 1% glycerol pH 7.5. The
proteins were allowed to bind for 10 min at room temperature
followed by 20 min at 4°C. Subsequently, the solution was
applied onto a 1 ml HiTrap Q column (GE Healthcare) to
separate the cUNG-Ugi complex from unbound Ugi and
cUNG. The purified complex was concentrated and stored
at 4°C.

2.3. Crystallization, data collection, structure determination
and analysis

The cUNG-Ugi complex was crystallized using the hanging-
drop method at 4°C with 7.5mgml™" protein complex in
25 mM Tris—HCI pH 7.5, 10 mM NaCl, 1 mM EDTA. Drops
were made by mixing 1 pl protein with 0.2 pul 0.1 M NaBr and
0.8 pl reservoir solution consisting of 0.1 M Tris—HCI pH 7.4,
270 mM Li,SO,, 4% PEG 550 MME, 17% PEG 4000. A
crystal of about 200 x 200 x 50 pm in size was transferred to a
cryoprotectant solution made up of 17% PEG 4000, 10%
glycerol and the other reservoir additives at their original
concentrations and was then flash-cooled in liquid nitrogen.

Diffraction data were collected on beamline ID-29 at the
European Synchrotron Radiation Facility (ESRF), Grenoble,
France (de Sanctis et al. 2012) using an ADSC Quantum 315r
detector. The crystal belonged to space group P2, with unit-
cell parameters a = 98.21, b = 86.92, ¢ = 175.37 A, B =90.35°,
with pseudosymmetric translation (x + 0.17, y + 1/2, z + 0.17)
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and twinning (—h, —k, [; twin fraction 0.235). There are eight
complexes (16 molecules) in the asymmetric unit, giving a
solvent content of 54.8% and a Matthews coefficient of
2.7 A*Da™".

The data were indexed, integrated, scaled and converted to
structure factors using the XDS program package (Kabsch,
1993). Two related but not congruent lattices were observed
in the data, resulting in many overlapped reflections. It was
necessary to decrease the value of the WFACI parameter in
XDS in order to increase the number of misfits rejected before
scaling and merging of the data. The structure was solved by
molecular replacement using MOLREP (Vagin & Teplyakov,
2010) in CCP4 without the PST vector information. The
search model was a model of the cUNG-Ugi complex made by
superimposing cUNG (PDB entry 1okb; Leiros et al., 2003) on
the structure of the hUNG-Ugi complex (PDB entry lugh;
Mol, Arvai, Sanderson et al., 1995). The structure was refined
in REFMACS (Murshudov et al., 2011) using amplitude-based
twin refinement (and no TLS refinement) interspersed with
rounds of manual model building in Coot (Emsley et al., 2010).
Automatically generated NCS restraints were used in the first
ten refinement cycles only, whereas twin refinement was used
in all steps. The final model had Ry« and Ry values of 23.7
and 28.3%, respectively, with acceptable geometry, and was
validated using MolProbity (Chen et al., 2010). Details of the
data-collection and refinement statistics are given in Table 1.

The UNG-Ugi interfaces of cUNG-Ugi, hUNG-Ugi (PDB
entry lugh) and herpes simplex virus 1 UNG-Ugi (PDB entry
ludi; Savva & Pearl, 1995) were analyzed with the Protein
Interfaces, Surfaces and Assemblies service (PISA; Krissinel &
Henrick, 2007). In addition, the WHAT IF web interface
(Vriend, 1990) was used to identify interface electrostatic
interactions with interatomic distances of <6 A. The figures
were generated using PyMOL (http://www.pymol.org/) and
the electrostatic surface potential was calculated using the
APBS plugin in PyMOL (Baker et al., 2001). The accessible
surface area (ASA) was calculated with Surface Racer 5.0
(Tsodikov et al, 2002) with a probe radius of 1.40 A. cUNG
(chain E) and hUNG (chain E) from the UNG-Ugi complexes
were used.

2.4. Binding studies by ITC

ITC measurements were performed at 25°C (standard ITC
conditions) using a Nano-ITC III calorimeter from Calori-
metry Sciences Corporation (CSC; Utah, USA) with a cell
volume of 997 pl. The UNG concentration in the cell was 20—
50 uM and the Ugi concentration in the syringe was 267-
667 uM. The Ugi solution was injected into the UNG solution
as 5 ul aliquots with 300 s intervals between injections and
stirring at 150 rev min~'. All experiments were performed in
20 mM sodium phosphate pH 7.5, 200 mM sodium chloride.
Buffer exchange with this buffer was performed either by gel
filtration or by dialysis using Pierce Slide-A-Lyzer dialysis
cassettes from Thermo Fisher Scientific Inc. (Rockford, USA)
with a 3 kDa cutoff followed by filtration using a 0.2 pm
syringe filter (Millipore, Billerica, USA). The concentration of

Table 1
X-ray data-collection and crystallographic refinement statistics for
cUNG-Ugi.

Values in parentheses are for the outer resolution shell.

Data collection
X-ray source ID-29, ESRF
Space group X P2,
Unit-cell parameters (A, °) a=9821,b=28692, c=17537,

i B =190.35
Resolution (A) 30-1.94 (2.04-1.94)
Wavelength (A) 1.0000
No. of unique reflections 199006 (26370)
Multiplicity 2.94 (3.17)
Completeness (%) 91.2 (86.6)
(I)/{o(D)) 10.76 (3.29)
Ruerge (%) . 7.3 (41.3)
Wilson B factor (A?) 29.9
Refinement

R factor (all reflections) (%) 23.7
Rfree:t (%) 283
No. of atoms 21002
No. of water molecules 1483
R.m.s.d., bond lengths (A) 0.011
R.m.s.d., bond angles (°) 1.669
Average B factor (A?)

All atoms 252

Protein 25.0

Water molecules 27.6
Ramachandran plot

Favoured regions (%) 96.2

Allowed regions (%) 100
PDB code 41yl

T Ruerse = 2o O ILi(hkD) — (I(hKD)| /"0 3 I;(hkl), where I(hkl) is the ith measure-
ment of reflection hkl and (I(hkl)) is the weighted mean of all measurements of
hkl. % 5% of the reflections were used in the Ry, calculations.

the protein samples was determined with a NanoDrop 2000c
spectrophotometer (NanoDrop Technologies, Wilmington,
Delaware, USA) using absorbance at 280 nm and a calculated
extinction coefficient for each protein.

The heat of dilution of Ugi in the solvent was measured in a
separate experiment. Raw data were integrated, corrected for
nonspecific heats, normalized for concentration and analyzed
using the standard single-binding-site model in the Nano-
Analyze program supplied by CSC. The heat values per mole
of injectant were plotted against the molar ratio of the ligand
and the macromolecule in the cell. The values of the binding
affinity, Ky, and the binding enthalpy, A H,, were obtained by
fitting the raw data to the best-fit curve of the simple one-site
binding model. The binding Gibbs free-energy change, AGy,
and the binding entropic term, TAS,, were then calculated
from the relationship AG, = —RTInK}, = AH, — TAS,.

The cUNG-Ugi crystal structure has been deposited in the
Protein Data Bank as entry 4lyl.

3. Results

Previous results from biochemical and structural analyses
have suggested that the increased catalytic efficiency of cUNG
compared with hUNG arises from an increased substrate
affinity generated by a large positive electrostatic surface
potential in the substrate-binding region of cUNG. In order to
obtain more detailed information about the enzyme—substrate
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Table 2
Hydrogen bonds and electrostatic interactions in the EF molecule of the
cUNG-Ugi and hUNG-Ugi complexes.

cUNG-Ugi chains E and F were chosen as a representative of the eight
complexes. Hydrogen bonds (<3.5 A) were analyzed with PISA, and the
WHAT IF web interface was used to identify electrostatic interactions with
interatomic distances of <6 A. Unique bonds are shown in bold.

cUNG-Ugi hUNG-Ugi

Distance Distance
UNG (A) Ugi UNG (A) Ugi

Hydrogen bonds

GInl44 O°'  2.64 Leu23N  GInl44 O°' 297 Leu23 N
Gln144 N2 273 Leu230  GInl44 N2 294 Leu23 O
His148 N2 3.09 Ser21 O  His148 N2 2.79 Ser21 O
Glnl52 N2 278 GIn190  GInl52 N 3.05 GIn19 O
Serl69N  2.85 Glu20 0! Serl69N 298 Glu20 0%
Serl69 O 2.56 Glu20 O  Serl69 O”  3.06 Glu20 02
Ala2140  2.84 Tyr65 O
Ala214N 276 Tyr65 O
Asn215 N2 2.76 Asp61 O°'  Asn215N*  3.04 Asp61 O
Lys218 N¢  2.68 Asp61 ©2  Lys218N°  2.64 Asp61 0%
Ser247 N 238 Glu28 O?  Ser247N 3.08 Glu28 02
Ser2470” 276 Glu28 0*?
Pro2710 257 GIn73 N2 Pro2710  2.80 GIn73 N2
Leu2’2N  3.46 Met56 S°
Arg276 N 327 Glu3l 0
Arg276 N 2,98 Glu3l 0!
Average 2.81 2.93
Electrostatic interactions
Lys218 N6  2.68 Asp61 02 Lys218 N¢  2.64 Asp61 0%
Lys2I8N° 595 Asp40 0%
His250 N 5.22 Glu28 0=?
His268 N*!  5.46 Glu20 O His268 N°' 593 Glu20 O°?
Arg276 N 2.98 Glu31 0¢!
Average 4.83 3.85

interactions, we have determined the crystal structure of the
cUNG-Ugi complex and measured the Ugi-binding properties
of cUNG and hUNG experimentally by ITC.

3.1. The crystal structure of cUNG-Ugi was determined to a
resolution of 1.9 A

The crystal structure of the cUNG-Ugi complex was
determined to 1.9 A resolution with eight cUNG-Ugi
complexes in the asymmetric unit, all related by non-
crystallographic symmetry. Data processing was complicated
by the presence of pseudosymmetrical translation (PST) and a
high copy number in the asymmetric unit. Observed overlaps
in the data caused the Ry Values to be very large and the
data to be unusable at the start. We used the WFACI para-
meter in XDS to solve this problem by reducing the WFAC1
value and thereby increasing the number of misfits. Owing to
PST and twinning, the data behaved as if they belonged to
space group P2, but when processed in this space group they
gave only incomplete molecular-replacement solutions which
were impossible to refine. After being processed in the correct
space group, P2, the structure was easily solved by molecular
replacement, giving the same solution irrespective of whether
the PST vector information was used or not. In refinement, the
R values fell below 30% in the first ten cycles when twin
refinement was used. A twin law was also imposed in all later

steps, although its effect was small (an approximately 3%
decrease in the R values).

The eight cUNG structures are nearly identical except for
some flexible surface residues, and the root-mean-square
(r.m.s.) deviation on superposition with native cUNG (PDB
entry lokb) is 0.3 A. Thus, there are no large shifts in the
complexed cUNG structure compared with native cUNG.
The r.m.s. deviation when superimposing the eight cUNG-Ugi
molecules onto each other is on average 0.3 A, and for
hUNG-Ugi is 0.4 A (PDB entry lugh; Fig. 1a). The largest
differences are found in the Ugi molecules, which are very
flexible in some loop areas not involved in complex formation
(loops 29-35, 48-53 and 74-78), especially in loop 29-35,
which has poor electron density and large B factors. X-ray
data-collection and crystallographic refinement statistics for
the cUNG-Ugi structure are given in Table 1.

3.2. Intermolecular electrostatic interactions are more
optimized in the cUNG-Ugi complex structure

The interface between UNG and Ugi was analyzed with
PISA (Krissinel & Henrick, 2007). The details of the inter-
actions (the interface area, the energy contribution of each
bond and the solvation free-energy gain upon formation of
the interface) were analyzed for each of the eight cUNG-Ugi
complexes and the average value was used for comparison
with the hUNG-Ugi complex (Mol, Arvai, Sanderson et al.,
1995). According to the analysis, the interface area in cUNG-
Ugi (average value of 1043 AZ) is smaller than that in hUNG-
Ugi (1093 A%) (Supplementary Table S1'). The interface
analysis also shows that the average hydrogen-bond distances
are slightly shorter in the cUNG-Ugi structure (2.8 A
compared with 2.9 A in hUNG) even though most hydrogen
bonds are formed between the same residues as in hUNG-
Ugi. There also seems to be more alternative hydrogen bonds
and side chain-to-main chain hydrogen bonds in cUNG-Ugi,
as well as two electrostatic interactions in the cUNG-Ugi
interface (Lys218-Asp40 and His250-Glu28) which are not
found in hUNG-Ugi (Table 2 and Supplementary Table S2).
In order to ascertain that the detected bond-distance differ-
ences were not caused by the use of different refinement
programs (REFMAC 5.8 versus X-PLOR 3.851) during the
structure-determination process, the deposited structure
factors for PDB entry lugh were retrieved from the PDB and
the hUNG-Ugi complex structure was re-refined using the
same refinement procedure as used for cUNG-Ugi. Although
some minor changes were observed compared with the
original structure (data not shown), the overall results were
nearly identical to the original surface-area and bond-distance
calculations.

3.3. Ugi mimics the electrostatic and shape complementarity
of the DNA substrate

A superimposition of the hUNG-DNA (PDB entry lemh;
Parikh et al., 2000) and cUNG-Ugi structures (Fig. 15) shows

! Supporting information has been deposited in the IUCr electronic archive
(Reference: GM5031).
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ITC raw heat pulse data for the association of UNG with Ugi at 25°C in 20 mM sodium phosphate, 200 mM NaCl pH 7.5. The heat was measured upon
injecting 20 5 pul aliquots of Ugi into a 997 ul reaction cell containing UNG. 667 uM Ugi was titrated into the buffer in (a) and 50 pM hUNG in (b);

267 pM Ugi was titrated into the buffer in (c) and 20 pM cUNG in (d).

that Ugi binds to the DNA-binding site of UNG and generates
the same nonspecific contacts with UNG as made by DNA. As
described by Mol, Arvai, Sanderson et al. (1995), Ugi mimics
the duplex DNA shape and charge complementarity by
making hydrogen bonds to conserved UNG active-site resi-
dues and by accommodating the protruding Leu272 in a
hydrophobic pocket. In the cUNG-Ugi structure these
contacts are further strengthened by shorter distances and
additional hydrogen bonds and long-distance electrostatic
interactions. For example, both the DNA backbone phosphate-
mimicking Ugi residues (Glu20 in the inserted S-sheet and
Glu28 in the following «-helix) are bound tightly in cUNG-
Ugi (Table 2).

3.4. cUNG binds Ugi more tightly with interactions driven
mainly by enthalpic forces

In order to analyze the forces involved in the interaction
between cUNG and hUNG and the inhibitor Ugi, their
binding properties were measured experimentally by ITC in
20 mM sodium phosphate pH 7.5,200 mM NaCl at 25°C. Fig. 2
shows typical ITC profiles for the association of UNG and Ugi

at 25°C. The reaction enthalpy values were corrected for blank
runs and for protein concentration and were plotted against
the Ugi:UNG molar ratio (Fig. 3). The binding stoichiometry
was approximately 1:1 for both samples. The thermodynamic
binding parameters are listed in Table 3 and show that cUNG
binds Ugi more tightly than hUNG, with binding constants
(Ky) of 325 x 107 and 0.15 x 10" M, respectively. The
magnitude and the negative value of AG)} in both enzymes
indicate that the association is strongly favoured from a
thermodynamic point of view. The negative values of AH,, and
the positive values of TA S}, in hUNG and cUNG show that the
binding process is both enthalpy-driven and entropy-driven.
However, the contribution of AH,, and TAS, to AG}, and thus
to K} appears to be different in the two enzymes, with the
enthalpic contribution dominant in cUNG and the entropic
term dominant in hUNG (Table 3).

4. Discussion

The interaction of UNGs from several species with Ugi has
been studied extensively, mainly owing to its potential use as a
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Table 3
Thermodynamic binding parameters for the binding of Ugi to cUNG and
hUNG at 25°C in 20 mM sodium phosphate, 200 mM NaCl pH 7.5.

The standard deviation of the fit ()?) is given. The standard deviation of the
parameters directly measured by the experiment was analysed at the 95%
confidence level.

cUNG hUNG
AG, (kJ mol™") —42.9 -352

AHy, (kJ mol™) —251+08 —9.4+1.1

TAS, (kJ mol™) 17.8 25.8

Ky (M) (325 £2.88) x 107 (0.15 £ 0.13) x 10’
Kq4 (nM) 31 685

n 0.994 4 0.013 0.921 £ 0.055

X 1.69 2.95

drug target (Priet et al., 2005). Binding of Ugi to the conserved
DNA-binding groove of UNG by mimicking the shape and
electrostatic complementarity of DNA makes it a useful
model to study UNG-substrate interactions (Mol, Arvai,
Sanderson et al., 1995). Indeed, in all of the electrostatic
interactions in the interface between UNG and Ugi the
negatively charged interaction partner is always a Ugi residue
and the positively charged interaction partner is always a
UNG residue. Whereas most studies have mainly focused on
the structural aspects of the UNG-Ugi association, we have
here been able to combine structural studies with thermo-
dynamic data of the UNG-Ugi interaction with the intention
of extrapolating the findings to UNG-DNA binding. The ease
of producing Ugi recombinantly in large amounts and its
relative stability under a range of experimental conditions
fulfills the requirements for application of ITC.

The cod enzyme cUNG is a cold-adapted enzyme char-
acterized by greater catalytic efficiency and reduced thermal
stability compared with its warm-active homologue hUNG.
An increased positive electrostatic surface potential in the
DNA-binding region of cUNG has been suggested to explain
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Figure 3

ITC binding isotherm for the association of UNG with Ugi at 25°C in
20 mM sodium phosphate, 200 mM NaCl pH 7.5: the curves represent the
nonlinear least-squares fit (lines) of the affinity (K), enthalpy change
(AH,) and stoichiometry (n) obtained by fitting integrated heat pulse
data (scattered points) to a single-site binding model. Key: hUNG, closed
circles; cUNG, open circles.

the observed greater catalytic efficiency towards negatively
charged DNA substrates (Leiros et al., 2003; Moe et al., 2004;
Olufsen et al., 2008). Our ITC results show that the binding
constant (K,) for the association of cUNG with Ugi is one
order of magnitude larger than that of hUNG. This observa-
tion is in line with the smaller K, value (better substrate
affinity) previously identified in enzyme-kinetics studies of
cUNG compared with hUNG (Lanes et al, 2002). Cold-
adapted enzymes with small K, values have a more negative
A Gy, than those with larger K, values (Siddiqui & Cavicchioli,
2006; Tsuruta & Aizono, 2003), which is also demonstrated for
cUNG-Ugi in this study.

The enthalpy change of the cUNG-Ugi association is larger
than that for hUNG-Ugi. One might assume that a large
change in A H, might be caused by significant conformational
changes upon binding (Ogasahara et al., 2003). However, the
crystal structure of the cUNG-Ugi complex reveals that the
conformation of cUNG is almost identical to the uncomplexed
cUNG structure. The observed large enthalpy change must
therefore originate from favourable electrostatic or nonpolar
interactions between the residues in the interface areas.
Indeed, it was observed that the interface area of the cUNG-
Ugi complex has a more positive electrostatic potential
surface (Figs. 1¢ and 1d) and an increased number of elec-
trostatic interactions compared with that of hUNG-Ugi
(PDB entry lugh). The larger binding enthalpy of cUNG-Ugi
(—25.1 kI mol™" at 25°C compared with —9.4 kJ mol™" for
hUNG-Ugi) clearly indicates that the electrostatic inter-
actions in cUNG-Ugi are more stabilizing than those found
in the hUNG-Ugi complex. In particular, the Glul71Val,
Vall85Lys, GIn250His and Tyr275His substitutions in cUNG
compared with hUNG result in more favourable interactions
with the negatively charged Ugi and the DNA substrate. These
findings further support the hypothesis that enhanced inter-
molecular electrostatic interactions cause the greater binding
affinity of cUNG.

As discussed above, the enthalpy-dominated cUNG-Ugi
complex formation can be explained by optimized polar
contacts and less favourable conformational entropy of the
subsequently more stable complex. The buried interface
surface area is on average 50 A? larger in hUNG-Ugi,
suggesting that in this case the large entropy term may origi-
nate from a more extensive burial of nonpolar groups, leading
to a larger desolvation energy gain and thus greater entropy
(Supplementary Table S3). Also, the greater conformational
entropy of the less stable hUNG-Ugi complex contributes to
the entropic domination.

The co-crystal structure of cUNG-Ugi presented in this
study supports the previously reported DNA-mimicking
properties of Ugi. Determination of the binding affinity by
ITC has shown that cUNG binds Ugi more strongly than
hUNG. We have learned from previous biochemical studies
that cUNG is more catalytically efficient than hUNG towards
its U-lesion-containing DNA substrate (Lanes et al, 2000,
2002). Based on previous biochemical and structural studies,
together with the structural and biophysical analysis from this
work, we propose that the high catalytic efficiency of cUNG is
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mainly caused by its increased substrate-binding affinity
through enhanced temperature-adaptive interaction with the
DNA substrate, as with the DNA-mimicking inhibitor Ugi.
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