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Uracil-DNA glycosylase (UDG; EC 3.2.2.3) is a DNA-repair

protein that catalyses the hydrolysis of promutagenic uracil

residues from single- or double-stranded DNA, generating

free uracil and abasic DNA. The crystal structure of the

catalytic domain of cod uracil-DNA glycosylase (cUDG) has

been determined to 1.9 AÊ resolution, with ®nal R factors of

18.61 and 20.57% for the working and test sets of re¯ections,

respectively. This is the ®rst crystal structure of a uracil-DNA

glycosylase from a cold-adapted species and a detailed

comparison with the human enzyme is performed in order

to rationalize the cold-adapted behaviour of the cod enzyme

at the structural level. The catalytic domain of cUDG

comprises 223 residues, with a sequence identity to the human

UDG of 75%. The tertiary structures of the two enzymes are

also similar, with an overall displacement in main-chain atomic

positions of 0.63 AÊ . The amino-acid substitutions and the

differences in intramolecular hydrogen bonds, hydrophobic

interactions, ion-pair interactions and electrostatic potentials

are compared and discussed in order to gain insight into the

factors that cause the increased activity and reduced

thermostability of the cod enzyme. In particular, the reduced

number of strong ion-pair interactions in the C-terminal half

of cUDG is believed to greatly affect the ¯exibility and/or

stability. Increased positive electrostatic surface potential on

the DNA-facing side of cUDG seems to be responsible for

increasing the af®nity for the negatively charged DNA

compared with that of hUDG.
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1. Introduction

The so-called psychrophilic enzymes are proteins from

organisms that inhabit areas with temperatures lower than

about 293 K. The general characteristics of cold-adapted

enzymes are a high speci®c activity at low temperature,

low-temperature optima and reduced thermal stability

compared with their mammalian counterparts (SmalaÊs et al.,

2000). Interest in extremophilic enzymes has increased

signi®cantly in recent years, both from an academic point of

view and as targets for possible commercialization. In parti-

cular, cold-adapted enzymes have become attractive for their

high speci®c activity. The reduced thermal stability found in

most cases to accompany the increased activity is recognized

as an additional attractive feature in industrial and biotech-

nological applications. Control, i.e. inactivation, of enzyme

activity in a predicable manner is highly preferable in most

commercial applications.

The research community has been studying the molecular

basis of these unique features for several decades, but until

recently the lack of three-dimensional structural data has

limited insight into the apparently delicate molecular adap-
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tation. Since the ®rst crystal structure of a cold-adapted

enzyme became available in 1993 (Atlantic salmon trypsin;

SmalaÊs & Hordvik, 1993), many crystal structures describing

cold-active enzymes have been determined, both of bacterial

origin (Aghajari et al., 1998; Russell et al., 1998; Kim et al.,

1999; Alvarez et al., 1998) and from vertebrates (SmalaÊs &

Hordvik, 1993; Berglund et al., 1995; Karlsen et al., 1998). To

date, the numbers of well characterized cold-adapted enzymes

have been relatively equally distributed between the bacterial

and vertebrate/invertebrate kingdoms. However, no principal

differences in the degree of cold-adaptation or adaptation

strategies that depend on the type of cold habitat or the

taxonomy of the organisms have thus far been identi®ed

(SmalaÊs et al., 2000). Detailed analysis and comparative

studies with mesophilic and thermophilic counterparts have

revealed structural cold-activity descriptors for separate

enzyme classes, but there are few observations of features that

can be generalized. Despite the lack of direct evidence for

most target enzymes, the proposed correlation between high

speci®c activity and increased ¯exibility is still the most

dominant theory for rationalization of cold-adaptation

(Hochachka & Somero, 1984). Reduced stability is in turn

regarded as a consequence of the need to increase the mole-

cular ¯exibility to reduce the free energy of activation at low

temperatures. Most comparative studies have therefore

focused on exploring differences that can account for reduced

stability, e.g. core packing, intramolecular interactions and

amino-acid compositions. Generally, the total number of

intramolecular interactions seems to be similar in both

mesophiles and their cold-adapted counterparts, but several

case studies have revealed a reduced number of such inter-

actions in certain regions of the cold enzymes (SmalaÊs et al.,

1994; Leiros et al., 2000; Genicot et al., 1996). In particular,

interactions between domains and subunits of the proteins

seem to be weaker for many cold-adapted proteins. Factors

such as less well optimized cores or increased loop lengths

have been observed for some cold-adapted enzymes (Genicot

et al., 1996; Feller et al., 1994, 1997), but do not seem to be a

general feature. Increased ¯exibility may however not be the

only adaptation strategy to deal with cold environments.

Optimization of electrostatic potentials of residues involved in

substrate binding has been shown to play a signi®cant role in

the cold-adaptation of trypsin (Gorfe et al., 2000; Brandsdal et

al., 2001).

Uracil-DNA glycosylase (UDG) is a central component of

the DNA-repair machinery as it initiates the DNA base-

excision repair pathway (BER) by removing misincorporated

uracil from DNA. It is the ®rst enzyme in this pathway and

catalyzes the hydrolysis of promutagenic uracil residues from

single- or double-stranded DNA. In contrast to other

nucleotide-excision repair systems, the DNA-glycosylases

require no additional cofactor for activity and are therefore

excellent candidates for the characterization of protein±DNA

interactions, damage recognition and the removal of damaged

bases from DNA at an atomic level. The enzyme is widespread

and is found in almost all organisms examined (Mol et al.,

1999). Uracil-DNA glycosylase isolated from Atlantic cod

(cUDG) was found to be up to ten times more catalytically

active in the temperature range 288±310 K than the human

counterpart (Lanes et al., 2002). The higher physiological

catalytic ef®ciency (kcat/KM) is achieved by the combined

effect of a fourfold lower KM and an approximately twofold

increase in kcat. cUDG is unstable at elevated temperatures, a

feature shared with most other cold-active enzymes. The

measured half-life at 323 K was 0.5 min for cUDG compared

with 8 min for recombinant human UDG (rhUDG; Lanes et

al., 2002). The crystal structure of the catalytic domain of

cUDG has been found in general to be very similar to the

already published crystal structure of the human enzyme

(hUDG), which is in accordance with the fact that the

respective sequences are similar also (sequence identity of

75% in the catalytic domains). A homology model has

previously been built based on the crystal structure of the

unbound form of hUDG (Lanes et al., 2002). However, in

order to identify the differences responsible for the cold-

adaptation features observed for cUDG, the need for exam-

ination at a more detailed level becomes obvious and a more

thorough comparison is needed. Therefore, the crystal struc-

ture of cUDG has been determined and a detailed sequence

and structural analysis has been performed. From the present

study, the most pronounced differences between the two

structures are the ion-pair interactions in the C-terminal

halves of the two proteins. hUDG is signi®cantly stabilized

by ®ve strong salt bridges that are not present in this region

of cUDG. Also, cUDG seems to be further destabilized

compared with hUDG by the increase in the volumes of

buried cavities. Furthermore, the electrostatic surface poten-

tials of the DNA-binding regions are higher for cUDG,

allowing increased interactions with the DNA substrate.

Optimization of the electrostatic potential in the substrate-

binding site has previously been identi®ed as a cold-

adaptation strategy (Brandsdal et al., 2001).

2. Materials and methods

2.1. Protein purification and crystallization

Recombinant Atlantic cod uracil-DNA glycosylase (cUDG)

expressed in Escherichia coli was puri®ed by the following

procedure. E. coli cell paste was disrupted using a Bio-Neb

Cell Disruptor and centrifuged. The cell extract was then

precipitated using protamine sulfate and UDG was puri®ed

by tandem anionic/cationic ion-exchange, af®nity and gel-

®ltration chromatography and ®nally cationic ion-exchange

chromatography as a ®nal polishing step. The puri®ed cUDG

was homogeneous as judged by an SDS±PAGE gel. Crystals

were grown at room temperature using the vapour-diffusion

method with protein at a concentration of 10 mg mlÿ1 prior to

mixing with an equal amount of reservoir solution (2 ml of

each). The crystallization solution consisted of 1.4 M sodium

citrate buffered with 0.1 M HEPES pH 7.5. Clusters of crystals

useable for X±ray intensity data collection appeared in the

drop after about one week. Details of the puri®cation and



crystallization procedures can be obtained elsewhere (Lanes et

al., 2002; Leiros et al., 2001).

2.2. Data collection

X-ray intensity data were collected from a single crystal of

approximate dimensions 0.1 � 0.3 � 0.05 mm at the Swiss±

Norwegian beamline (SNBL) at the European Synchrotron

Radiation Facility (ESRF), Grenoble, France. A crystal was

¯ash-cooled by transferring it into a well containing the

crystallization solution with 20% glycerol added as a cryo-

protectant. The crystal was then placed in a loop and ¯ash-

cooled in liquid nitrogen. Intensity data were collected on a

MAR345 image-plate detector in the 180 mm mode at a

wavelength of 0.873 AÊ and with a crystal-to-detector distance

of 150 mm. 180 images were collected using an oscillation of

1�. The data were indexed with DENZO (Otwinowski &

Minor, 1997) and processed using programs from the CCP4

program package (Collaborative Computational Project,

Number 4, 1994). The crystal was indexed in space group P21,

with unit-cell parameters a = 68.58, b = 67.19, c = 68.64 AÊ ,

� = 119.85�. There were two molecules in each asymmetric

unit and the water content was about 50%. Data-collection

and processing statistics are shown in Table 1.

2.3. Structure determination

The crystal structure of cUDG was determined to 1.9 AÊ

resolution by molecular replacement using the crystal struc-

ture of human uracil-DNA glycosylase (hUDG; PDB code

1akz) as a search model, with the side chains mutated in order

to ®t the deposited sequence of cUDG (Lanes et al., 2002).

Molecular replacement and the subsequent model re®nement

were performed using CNS (BruÈ nger et al., 1998). Data in the

resolution range 12±4 AÊ were used in all molecular-replace-

ment runs. An initial self-rotation search con®rmed the

presence of two molecules in the asymmetric unit, as assumed

during data processing. The cross-rotation search showed two

peaks about 8� above the mean value and 6� above the

highest non-related peak. The subsequent translation search

again gave two individual solutions about 5.2� and 4.5� above

the highest non-related peak. The translation search to

complete the dimer, with the best solution ®xed, gave one

solution only. Molecular replacement was followed by a run of

rigid-body re®nement using all data in the resolution range

12±2.45 AÊ , which brought the R factors for the working and

test sets down to 38.0 and 38.3%, respectively. The re®ned

model was obtained by alternating cycles of manual model

building using the program O (Jones et al., 1991), followed by

bulk-solvent correction, torsion-angle simulated annealing,

conjugate-gradient energy minimization and individual

B-factor re®nement. Water molecules were added auto-

matically using the water-picking routines of CNS (BruÈ nger et

al., 1998), with some minor adjustments to the default values

set in the program. As the two protein molecules in the

asymmetric unit were very similar according to the

manual inspection, a restraint of 300 kcal molÿ1 AÊ ÿ2

(1255 kJ molÿ1 AÊ ÿ2) was used during re®nement. Throughout

the re®nement, the progress was monitored by the Rwork and

Rfree sets of re¯ections, as well as the quality checks performed

by the PROCHECK (Laskowski et al., 1993) and

WHAT_CHECK (Hooft et al., 1996) programs. This proce-

dure was followed until the re®nement reached convergence.

The ®nal re®ned model includes residues 82±304 (two crys-

tallographically independent molecules) of

the catalytic domain of cUDG, two chlorine

ions, two glycerol molecules bound in the

active site of each monomer and a total of

343 ordered water molecules. The ®nal

re®nement statistics can be seen in Table 1.

3. Results and discussion

3.1. Refinement and overall structure of
cUDG

The overall topology of the catalytic

domain of uracil-DNA glycosylases is that of

a typical �/� protein (Mol et al., 1995). The

overall dimensions are approximately 30 �
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Table 1
Data collection and re®nement summary.

Values in parentheses refer to the highest resolution bin.

Data collection
Resolution range (AÊ ) 12±1.9 (2.0±1.9)
No. of unique re¯ections 42162
Redundancy 3.3 (2.9)
Rmerge (%) 9.6 (52.2)
Completeness (%) 98.7 (97.5)
Average I/�(I) 10.2 (2.0)

Re®nement statistics
R value (%) 18.61
Free R value (%) 20.57
Deviations from ideal geometry

Bond lengths (AÊ ) 0.005
Bond angles (�) 1.189

Average B values (AÊ 2)
Main-chain atoms 19.47
Side-chain atoms 22.38
Glycerol 26.0
Water molecules 35.5
All atoms 22.4

Ramachandran plot (%)
Most favoured regions 91.1
Additional allowed regions 8.9

Figure 1
Superpositioning of the crystal structures of cUDG (blue) and hUDG (red; PDB code 1akz;
Mol et al., 1995). The glycerol molecule bound in the active site of cUDG is included for clarity.
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35 � 48 AÊ . There is a central parallel four-

stranded �-sheet surrounded on both sides

by a total of 11 �-helices. The two termini are

situated on opposite sides of the �-sheet.

The N-terminus is poorly stabilized, as seen

from the high thermal B factors and poor

electron density in this region. The overall

structures of the catalytic domains of cod

uracil-DNA glycosylase (cUDG) and human

uracil-DNA glycosylase (hUDG; Mol et al.,

1995) are similar, with an overall root-mean-

square (r.m.s.) deviation of 0.63 AÊ based on

all main-chain atoms. A superpositioning of

the C� traces of the cUDG and hUDG

structures can be seen in Fig. 1. As the

overall structures of the two monomers in

the asymmetric unit of cUDG were judged

to be very similar from manual inspection of

the superimposed molecules, they were

tightly restrained during re®nement,

resulting in a low r.m.s. deviation between

them. The restraint re®nement also gave the

lowest Rfree value. They are regarded as

identical molecules and the following

discussion is based on molecule A of the

asymmetric unit.

3.2. Glycerol binding and the active-site
region

The active-site region of the uracil-DNA

glycosylases is situated on the C-terminal

side of the central �-sheet. In this region,

there is a pronounced conical cleft ideally

built to accommodate double-stranded

DNA. The diameter of this cleft is about

16 AÊ across and the length of the groove is

about 28 AÊ . In the middle of the DNA-

binding groove there is a cavity designed to

accommodate the ¯ipped-out uracil base.

The amino-acid residues responsible for

exclusive binding and cleavage of the

¯ipped-out uracil are the conserved residues

Gln144 (backbone amide), Tyr147 (hydro-

phobic), Phe158 (stacking), Asn204 (two

side-chain hydrogen bonds) and His268

(hydrogen bond; Parikh et al., 1998). In

addition, Pro146 (carbonyl oxygen), Asp145

and His148 (side chains) coordinate a water

Figure 2
Stereoviews of the active-site environments in the
crystal structures of (a) cUDG±glycerol, (b) E. coli
UDG±glycerol (Xiao et al., 1999) and (c) free hUDG
(Mol et al., 1995). The electron density in (a) is
viewed as a �A-weighted 2Fo ÿ Fc map contoured at
1.5�. The conformational shifts of residues Gln144
(Gln63 in E. coli UDG) and Asp145 (Asp64 in E.
coli UDG) can be seen.



molecule assumed to be catalytically critical and this region is

therefore denoted as the water-activating loop (residues 144±

149; Parikh et al., 1998).

Glycerol has already been found in the active site of a

crystal structure of E. coli UDG (Xiao et al., 1999). However,

the reported structures of the glycerol-bound and free states

of E. coli UDG are very similar, with an r.m.s. deviation of

0.25 AÊ on all main-chain atoms in the enzyme; therefore, it is

not believed that binding of glycerol will induce any changes

to the active-site region in cUDG that are not present in the

free form. However, there are other differences in the active-

site region that have not previously been observed, which will

be discussed further. The glycerol molecule situated in the

active site of the crystal structure of cUDG is bound in a

similar fashion to glycerol in E. coli UDG. The most

pronounced differences in the active-site region are the

conformational shifts of the side chains of Gln144 and Asp145,

two of the residues found to be critical for catalysis by

mutational studies (Mol et al., 1995). Conformational shifts

have been observed for Asp145 when interacting with DNA

and it appears that the cUDG in the cUDG±glycerol complex

is in a state not observed in unbound hUDG or in complex

with 6-aminouracil. However, in the hUDG±DNA complexes

Asp145 adopts a similar conformational state to the glycerol-

inhibited cUDG. Representative views of the active-site

regions of cUDG±glycerol, E. coli UDG±glycerol and free

hUDG can be seen in Fig. 2. The fact that Asp145 adopts this

conformation is also interesting in view of the positioning of

the proposed catalytically critical water molecule. A water

molecule can be found in cUDG that adopts exactly the same

position and hydrogen-bonding network as in the crystal

structure of an uncleaved substrate analogue complexed to

hUDG (Parikh et al., 1998).

3.3. Amino-acid substitutions

In order to search for amino-acid residues responsible for

the observed cold-adaptation features of cUDG, several

aspects have to be taken into account. A sequence alignment

(Fig. 3) of the complete catalytic domains of some available

vertebrate UDGs [human, GI:14767852; mouse, GI:8571956

and GI:6755941; frog, TC16750 (Tigr); chicken, TC2339
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Figure 3
Alignment of the catalytic domain (82±304) of some vertebrate UDG sequences. Residues are shaded according to lack of conservation (dark grey shows
a unique residue differing from the consensus, medium grey shows two residues differing from the consensus and light gray denotes no consensus).
�-Helices and �-strands are marked as red and yellow tubes above the alignment, respectively. The three N-terminal amino acids M, E and F were added
to simplify the comparison and the residue numbers used match the numbering scheme used for the catalytic domain of hUDG. Residues that move upon
DNA binding are coloured red (>1.5 AÊ ) or orange (1.0±1.5 AÊ ). External (E) and internal (I) amino-acid residues are based on the water-accessible
surface of cUDG (greater or less than 10 AÊ 2, respectively) and ion-pair interactions shorter than 6 AÊ are coloured green, blue and grey, denoting hUDG,
cUDG and common ion pairs, respectively.
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(Tigr); zebra®sh, GI:17035127 and

GI:17034292; cod; GI:7413914] and in

particular a comparison between the

sequences of cUDG and hUDG shows

that there are 53 amino-acid substitu-

tions in the cod sequence (compared

with hUDG). 24 of these substitutions

are unique for cUDG compared with all

other vertebrate sequences, i.e. they are

residues that may be involved the cold-

adaptation of cUDG; however, other

substitutions should not be ruled out.

Almost half of the substitutions are

conserved, i.e. the substituted residues

have similar properties in both proteins.

3.4. Charged residues and electrostatic
potentials

The number of charged residues is

similar in hUDG and cUDG, but there

are three fewer lysine residues and

three more arginines in cUDG

compared with hUDG. In general, an

increase in the arginine content and a

higher Arg/Arg + Lys ratio is believed

to lead to a more stable structure with

an increased ability to form ion-pair and

hydrogen-bond interactions (Mrabet et

al., 1992). However, this stabilizing

effect has been questioned, as arginine

most often is found to be external and

thereby to interact mainly with water

molecules, unless the arginines form

ion-pair interactions (Leiros et al.,

1999). In addition, an elevated number

Figure 4
Estimated electrostatic surface potentials of (a) the crystal structure of cUDG with DNA modelled in and (b) the crystal structure of hUDG±DNA (PDB
code 1emh; Parikh et al., 2000).

Figure 5
Ion-pair interactions calculated for cUDG and hUDG. Unique ion-pair interactions are shown in
red and blue for hUDG and cUDG, respectively, while ion-pairs coloured purple are conserved
substitutions.



of arginine residues (ten) is also found in the sequence of

mouse UDG compared with hUDG, which has eight arginines.

Therefore, it is most likely that the increased arginine content

is not responsible for cold-adaptation in cUDG. The electro-

static surface potentials have been estimated from a homology

model of cUDG (Lanes et al., 2002) and important substitu-

tions in the active-site region were identi®ed from that study.

In particular, the substitutions Glu171Val, Val185Lys,

Gln250His and Tyr275His were indicated as being important

in optimizing the electrostatic surface potential of cUDG and

may possibly be responsible for the increased activity

observed for cUDG compared with hUDG. Re-evaluation of

the electrostatic surface potentials based on the present crystal

structure (Fig. 4) supports the hypothesis of increased

potential of the DNA-binding region of cUDG, resulting in an

optimized protein±substrate interaction compared with

hUDG.

3.5. Ion-pair interactions

The number of ion-pair interactions in the crystal structures

of hUDG and cUDG were calculated and analyzed using the

program CONTACT from the CCP4 program package

(Collaborative Computational Project, Number 4, 1994).

Histidine residues were included in the calculations and

distance cutoffs of 4 and 6 AÊ were used. The results are

summarized in Fig. 5. It is immediately striking that the

number of short (<4 AÊ ) ion-pair interactions is lowered in

cUDG compared with hUDG. cUDG has only ®ve salt bridges

shorter than 4 AÊ , while hUDG has 11 (see Fig. 6). Only one

such short salt bridge is unique to cUDG, while seven are

unique to hUDG. The number of salt bridges shorter than 6 AÊ

is 19 and 23 for cUDG and hUDG, respectively. Especially

noteworthy are the three clusters of ion pairs in hUDG that

are not present in cUDG. In particular, the salt bridges unique

to hUDG stabilize the secondary-structure element �6 and its

surroundings (see also Fig. 3). Residue Glu171 participates in

two ion-pair interactions (Glu171±Lys175 and Glu171±

His186), where one is an intrahelical ion pair and the other

runs from �6 to the �6/�7 loop. This region is close to the

DNA-binding region and also close to the proline-rich loop

(4Pro loop; residues 165±169). Both the 4Pro loop and several

residues in the �6/�7 loop are mobile upon DNA binding in

hUDG, i.e. they move more than 1 AÊ . Residue Asp183 in the

�6/�7 loop forms an ion-pair interaction with Lys302 in the

C-terminal loop, which is further stabilized by two additional

ion-pair interactions (Lys302±Asp300 and Lys302±Glu303).

None of the mentioned ion pairs are found in cUDG, in all

cases because of amino-acid substitutions. The only ion pairs

common to both structures in this region are the two salt

bridges connecting the helices �6 and �11. These two ion pairs

run from the positively charged residue 282 (Arg in hUDG,

Lys in cUDG) to Glu176 and Asp180. Five of the seven unique

ion-pair interactions shorter than 4 AÊ found in the structure of

hUDG are located in the C-terminal half of the protein. These

are both intrahelical (Glu289±Lys293, both in �6), interhelical

[Asp180 (�6)±Arg282 (�11)], helix±loop [Glu171 (�6)±His186

(�6/�7 loop)] and loop±loop [Asp183(�6/�7 loop)±Lys302

(C-terminal loop) and Asp300±Lys302 (both in the C-terminal

loop)] interactions. It is likely that the lack of these short

unique ion-pair interactions is at least in part responsible for

the reduced thermal stability of cUDG. The involved struc-

tural elements will also possess increased ¯exibility in the

absence of the close intramolecular interactions. The unique

short ion-pair interaction found in cUDG (Arg91±Glu92) is

intrahelical and is not believed to in¯uence either the stability

or the activity. An additional cluster of ion-pair interactions

unique to hUDG is located in the secondary-structure element

�5, where three ion pairs are found (Asp133±Lys135, Lys135±

Asp136 and Asp136±Lys138). They are all relatively weak,

with distances of 4.16±5.52 AÊ , and are also relatively far away

from DNA-interaction sites; however, Asp136 is one of the

residues that are mobile upon DNA binding. It should be

added that cUDG also has a weak unique ion-pair interaction

in this region (Lys138±Glu197), which runs from �5 to the

C-terminal loop.

3.6. Hydrogen-bonding interactions

The number of hydrogen-bonding interactions was found to

be similar in the two structures, with slightly more hydrogen

bonds in cUDG (215) compared with hUDG (201). There are

35 hydrogen bonds only found in cUDG and 21 only found in

hUDG. Inspection of the respective crystal structures made it

apparent that for 15 of the hydrogen bonds only found in

cUDG, the donor and acceptor atoms are also present in

hUDG with in most cases only minor offsets in distances and

angles. The same number for hUDG is four. This leads to an

estimate of 219 and 216 hydrogen bonds in the structures of

cUDG and hUDG, respectively. Based on this, a list of unique

hydrogen bonds is included in Table 2. From the list, some

important hydrogen bonds can be found. The active-site

Acta Cryst. (2003). D59, 1357±1365 Leiros et al. � Uracil-DNA glycosylase 1363
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Figure 6
Overall view of the crystal structure of cUDG. Ion-pair interactions
(<4 AÊ ) present in the cUDG structure are coloured blue, whereas those
found in hUDG are shown in green.
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residue His268 N"2 is hydrogen bonded to Gln144 O"1 owing

to a conformational change in cUDG compared with hUDG

(Gln144 adopts a different conformation). Arg276 N�1 is

hydrogen bonded to the carbonyl O atom of Leu272 owing to

a positional shift of residue Arg276, which is forced by the

increased size of the side chain of residue 267, which is Ala in

hUDG and the larger Val in cUDG.

3.7. DNA interaction

Several crystal structures of UDG complexed with DNA

have been determined for both hUDG (Parikh et al., 1998;

Slupphaug et al., 1996) and herpes simplex virus UDG (Savva

et al., 1995). Residues whih were mobile in response to DNA

binding were found by superimposing the structures of hUDG

with and without DNA (PDB codes 1akz and 1emh, respec-

tively). These amino-acid residues are also indicated in Fig. 3.

If the amino-acid residues either in contact with DNA during

catalysis (Parikh et al., 1998) or immediately before or after

these are considered, almost all are totally conserved in all

mammalian sequences. However, some exceptions were

found, particularly regarding residues close to or in the minor-

groove intercalation loop (Leu272 loop; residues 268±276).

Residues 266, 267, 274 and 275 are all substituted in cUDG

compared with hUDG. Ala266 and Ala274 (Thr and Val,

respectively, in most other vertebrates) are only found in

cUDG and zebra®sh UDG, while Val267 is found in cod,

chicken, frog and zebra®sh UDG; most of the other sequences

have Ala in this position. Residue 275 is His in cUDG, which is

also observed in UDG from frog, zebra®sh and in one of the

sequences of mouse UDG, while it is Tyr in hUDG. An

interesting ®nding is that chicken UDG has Asn in this posi-

tion. Tyr275 makes hydrophobic interactions with Val274 and

Phe279, while all these residues are substituted by smaller

residues in cUDG (His275, Ala274 and Leu279), allowing

increased motion during DNA binding and catalysis. The

Leu272 loop is essential in all stage of catalysis, as it is involved

in damage recognition, DNA compression and nucleotide

¯ipping and contains the essential catalytic residue His268.

Upon DNA binding, the whole residue range 265±282 moves

more than 1 AÊ , with the largest movement seen for residues

271±276, with shifts of about 2 AÊ . It is therefore very likely

that these substitutions are important for the differences in

catalytic activities observed between hUDG and cUDG.

For the other regions of the protein either close to or in

contact with DNA during catalysis, no substitutions are

observed for cUDG. However, other sequences have substi-

tutions in these positions: UDG from chicken has a unique

Leu272Phe substitution and chicken and frog UDG have

Ser247Ala. The latter substitution is in the Gly-Ser loop

(residues 246±247) that contacts DNA during binding.

However, it is the backbone of residue 247 that contributes to

the interaction; therefore, this is not a critical substitution.

Many residues have a large movement upon DNA binding,

but the major movement is observed in three main interaction

regions: the 4-Pro loop (residues 165±169), the Gly-Ser loop

(residues 246±247) and the Leu272 loop (residues 268±276). In

addition to these regions, mobility is observed in the �-helices

�2, �9 and �10 (see also Fig. 4). �9 is immediately after the

Gly-Ser loop, but the largest differences are actually seen at

the C-terminal end of this helix, on the opposite side of the

DNA-binding site. �10 succeeds the Leu272 loop and contains

the DNA-contacting residue Tyr/His275; therefore, movement

is expected in this region. Of particular interest is the mobility

seen at the C-terminal end of �2, where two short and unique

ion-pair interactions are found in hUDG. Although long ion-

pair interactions are also found in cUDG in this region, the

stabilization is believed to be greater for hUDG. Unfortu-

nately, no success in obtaining crystal structures of cUDG±

DNA complexes has been achieved thus far.

3.8. Hydrophobic residues and core packing

The number of internal residues and the size of the

hydrophobic core are in some cases been less optimized in the

cold-adapted enzymes compared with their mammalian

counterparts (SmalaÊs et al., 1994; Leiros et al., 2000; Genicot et

al., 1996; Aghajari et al., 1998). Based on the water-accessible

surface (WAS) of the structures of hUDG and cUDG, 77 and

Table 2
Unique hydrogen bonds in cUDG and hUDG.

The distances marked with asterisks are ion-pair interactions within hydrogen-
bonding distances.

Donor Atom Acceptor Atom Distance

Unique cUDG hydrogen bonds
Glu87 N Glu87 O"1 2.70
Arg90 N�2 Phe85 O 2.82
Arg91 N" Glu92 O"2 2.80*
Arg91 N�2 Gln135 O"1 2.70
Ser114 O
 Asp111 O 2.76
Lys138 N� Glu297 O 2.73
Gln161 N"2 Ala153 O 2.93
Trp232 N"1 Glu92 O"1 2.96
Asn236 N�2 Trp232 O 2.91
Arg237 N�1 Ile134 O 3.04
Arg237 N�1 Val137 O 3.00
Arg237 N�2 Val137 O 3.15
His250 N"2 Leu244 O 3.13
Arg258 N�1 Gly253 O 3.16
Arg258 N�1 Ile256 O 2.97
Arg260 N" Ser234 O 3.01
His268 N"2 Gln144 O"1 3.02
Arg276 N�1 Leu272 O 3.07
Thr296 O
1 Ser294 O 3.42

Unique hUDG hydrogen bonds
Glu83 N Glu83 O"1 2.88
Lys114 N� Glu111 O"1 3.09*
His115 N"2 Glu111 O"2 2.75*
Lys135 N Asp133 O�1 3.11
Lys138 N� Asp136 O 3.32
Lys138 N� Gln198 O 2.94
Gln161 N"2 Asp191 O�2 3.07
His186 N"2 Glu171 O"1 3.05*
Ser231 O
 Gln235 O"1 2.90
Ser254 O
 Lys251 O 2.68
Arg282 N�2 Asp180 O 2.91
Arg282 N" Asp180 O�1 2.81*
Arg282 N�2 Asp180 O�1 3.02*
Thr287 O
1 His283 O 2.73
Ser294 O
 Leu291 O 3.15
Lys296 N� Asn238 O 2.92
Lys302 N� Asp183 O�2 3.14*



76 residues are considered as internal, respectively (see also

Fig. 3). Of the 53 amino-acid substitutions in cUDG compared

with hUDG, seven of these are considered internal, i.e. having

a water-accessible surface of less than 10 AÊ 2, in the crystal

structure of either hUDG or cUDG. The following internal

residues are substituted in cUDG compared with hUDG:

Thr127Ser, Val230Ile, Leu240Val, Val274Ala and Thr287Ala.

In addition, Phe126Tyr is internal in hUDG but not in cUDG,

and Asn234Ser and Thr266Ala are internal in cUDG but not

in hUDG. As previously reported (Lanes et al., 2002), there is

a decrease in the size of the hydrophobic core for cUDG

compared with hUDG. This is con®rmed by calculating the

volume of the residues considered internal in both structures:

a small decrease in the calculated volume for cUDG can be

seen compared with hUDG. However, as the substituted

internal residues are among the `outer-core' residues, i.e. the

outermost layer of internal residues, and not in the central

core of the protein, the importance of these substitutions is

therefore not clear. On the other hand, considering that the

reduction of the size of the core residues will generate cavities

in the protein, it is a well known fact that such cavities lead to a

decreased stability of the protein. The cavities in the two

structures were calculated using routines implemented in the

MolSoft ICM program (Abagyan et al., 1994). cUDG has an

increase in both the number and the volume of the internal

cavities. The volumes of the enclosed cavities for cUDG and

hUDG are 482 and 341 AÊ 3, respectively. In particular, there

are additional cavities formed in cUDG both close to the

active site and in the 4Pro loop involved in DNA binding.

4. Conclusion

The crystal structure of cUDG and its comparison with the

already published crystal structures of human and Escherichia

coli UDGs pinpoints important differences regarding the cold-

adaptation features observed for cUDG (Lanes et al., 2002). In

particular, the reduction of strong ion-pair interactions in the

C-terminal half of cUDG are believed to largely affect the

¯exibility and/or stability. The optimization of the electrostatic

surface potential in the DNA-facing side of cUDG (increase in

the number of basic amino acids) in terms of increasing the

af®nity for the negatively charged DNA is likely to increase

the activity of cUDG compared with hUDG. Mutational

studies are now in progress in order to test the signi®cance of

these observations.
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